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PROBABILISTIC SEISMIC VULNERABILITY ASSESSMENT OF FREESTANDING 
HISTORIC MONUMENTS 
Marie E. Wagner, M.S. 
University of Nebraska, 2021 
Advisor: Christine E. Wittich  
Seismic events can cause significant damage to structures, especially to freestanding 
structures which are not fixed to the ground and are free to rock independently. This 
thesis will study the response of freestanding statues and monuments to ground motions 
and develop probabilistic models for overturning, in order to assist in retrofitting and 
repair efforts. To do this, single and dual block system models were created with a 
variety of sizes, aspect ratios, and asymmetries, then subjected to several historic ground 
motions to determine whether they overturn using three-dimensional distinct element 
analysis as a result of rocking, sliding or twisting in three dimensions. Overturning results 
were then cast in a probabilistic formulation using logistic regression to generate seismic 
fragility curves which relate the probability of overturning to a measure of earthquake 
intensity. Sixty-three intensity measures were used to generate both scalar and vector 
fragility curves. The performance of each intensity measure was evaluated using Receiver 
Operator Characteristic analysis for all shapes and intensity measures. While the 
Cumulative Absolute Velocity, Response Spectrum Intensity, and Velocity Spectrum 
Intensity were the best performing scalar intensity measures, they did not consistently 
meet the requirements for an efficient IM across all models. Considering vector intensity 
measures yielded several vector IM pairs proved to be the most robust, however, they are 
not currently computable and therefore were not considered for this thesis’ 
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recommendation. The combination of Cumulative Absolute Velocity and Peak Ground 
Acceleration as the most robust and computable intensity measure for all the models 
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CHAPTER 1 - INTRODUCTION 
1.1 Motivation  
Seismic events can cause significant damage to many structures, including 
historic buildings, monuments, and statues. This can lead to the permanent loss of 
important cultural sites and artifacts, such as ancient columns, tombstones, or statues, as 
can be seen in Figure 1-1 and Figure 1-2. These structures, many of which can be 
considered systems of freestanding structures, are particularly vulnerable to collapse and 
damage during earthquake events. 
 A freestanding structure is a block, group of blocks or arbitrary shapes with either 
unattached or weakly connected components. For this thesis, these systems will consist of 
a single block or a block that is resting on a pedestal. These structures are considered 
freestanding since gravity alone holds the statue to the pedestal or to the ground. Over the 
years, many different methods have been developed to study the response of a structure 
to various seismic events. However, freestanding structures have shown to be sensitive to 
differences in ground motion characteristics and structural geometry.  
Based on the sensitivity of the response, deterministic methods will not be 
adequate for predicting the behavior of a historic monument subjected to an earthquake 
or its potential damage. To identify the most vulnerable structure configurations, the 
response of these types of structures must be analyzed probabilistically to adequately 
account for the sensitivity. Models of the response of a freestanding structure to a variety 
of ground motions allow the probability of a historic monument overturning and being 




Figure 1-1 Temple of Zeus in Nemea, Greece (Papantonopoulos et al. 2002) 
 
 
Figure 1-2 Tombstones damaged in 2011 Virginia Earthquake (EERI 2015) 
 
1.2 Objectives  
The goal of this thesis is to develop a probabilistic relationship between the 
response of a freestanding historic monument given the intensity of an earthquake to 
determine its seismic vulnerability. First, a variety of shapes will be analyzed using the 
Distinct Element Method and ground motions with a wide range of characteristics will be 
used as the input. The second objective is to correlate the overturning rates of these 
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models to the intensity measures (IMs) of the ground motions through seismic fragility 
curves. Then, scalar and vector ground motion IMs will be compared to determine the 
optimal IMs for use in overturning predictions of freestanding structures. Finally, a case 
study will be performed using a statue located in Napa, California. The fragility curves 
developed in this study will be used to determine the statue’s risk based on these curves.  
1.3 Scope 
Determining a probabilistic relationship between historic monuments’ overturning 
and a ground motion intensity measure by modeling the dynamic behavior of 
freestanding structures is the primary focus of this thesis. The development of this 
relationship and a discussion of the overturning behavior of these structures is presented 
and discussed within the following chapters and appendices:  
Chapter 2 contains a literature review of a variety of classical, analytical and 
numerical models that can be used to determine the behavior of a freestanding structure, 
along with probabilistic methods for analyzing the behavior of a historic monument or 
statue.  
Chapter 3 contains a description of Distinct Element Modeling (DEM) and the 
modeling methods and code that will be applied for this thesis. An outline of the shapes 
being investigated, and the ground motions applied to determine the shapes’ dynamic 
response is also presented.  
Chapter 4 outlines the intensity measures that were considered for the 
probabilistic analysis, and the methods used to identify which IMs have optimal 
probabilistic relationships with the response of the freestanding structures considered. 
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Scalar intensity measures (IMs) and a combination of two scalar IMs as a vector IM, 
were studied to create fragility curves, which were then analyzed using probabilistic 
relationships and risk assessments to determine the optimal IM, based on the proficiency, 
robustness, and computability of the IMs being considered.  
Chapter 5 is a case study that uses the geometry of a statue in Napa and the 
optimal IM determined in the previous chapters and compares the results with the 
estimated response of the statue based on the regional seismic hazard.  
Chapter 6 is a summary of the results of this thesis and presents a discussion of 
future work.  
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CHAPTER 2 – LITERATURE REVIEW 
2.1 Analytical Models 
2.1.1 Classical Model (Housner 1963) 
Housner’s 1963 paper investigated tall, slender, freestanding structures that stayed 
-standing during the 1960 Chilean earthquake while structures that appeared more stable 
overturned. To do this, a rigid block resting on a rigid, horizontal surface was analyzed, 
as shown in Figure 2-1, which was excited into rocking motion under free vibration, 
constant acceleration of the base, sinusoidal acceleration of the base and earthquake 
motions (Housner 1963).  
 
Figure 2-1 Housner's 2D rocking block model (Housner 1963) 
 
Point O and point O’ are considered the centers of rotation in this case, with W as 
the weight of the block and Io as the moment of inertia around point O. The center of 
gravity of this block is located at height h from the base of the block and at distance b 
from the left and right edges. θ measures the block’s angle from vertical, while α 
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represents the angle of the radius with point O when the block is at rest. The radial 
distance, R, from the center of gravity to the rotation point O can be determined using 
Equation 2-1.  
 𝑅 =  ℎ + 𝑏  Equation 2-1 
The equation of motion for the block when rotated through angle θ, when considering the 




= −𝑊𝑅𝑠𝑖𝑛(𝛼 − 𝜃) Equation 2-2 
Assuming the block is tall, slender, as has an α less than 20°, the equation of motion for 
the free vibration of the block can be simplified as shown in Equation 2-3.  
 𝐼 ?̈? − 𝑊𝑅𝜃 = −𝑊𝑅𝛼 Equation 2-3 
When the initial conditions are set as shown in       Equation 2-4 and          Equation 2-5, 
the solution for the equation of motion in free vibration as the block returns to vertical is 
shown in Equation 2-6. 
 𝜃 =  𝜃  
      Equation 2-4 
 
 ?̇? = 0  
         Equation 2-5 
 






Assuming p is 𝑊𝑅/𝐼 , and energy loss is negligible on impact, the block will pass 
through -θ0 before returning to its initial displacement at time T, which is equal to the 
period of free vibration for this system. The block will then return to a θ of 0, and the 
solution of Equation 2-6 can be rewritten as Equation 2-7. 
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 0 = 𝛼 − (𝛼 − 𝜃 ) cosh
𝑝𝑇
4
 Equation 2-7 
If energy is not conserved at impact and dissipates, some energy would be lost at 
every half period cycle, which would increase the period of vibration incrementally. For 
inelastic impacts, momentum is conserved and the kinetic energy reduction during impact 













If 𝜑 = 𝜃/𝛼 and 𝜑 = 𝜃 /𝛼  Equation 2-9 and Equation 2-10 represent the displacement 
and velocity of the block.  
 𝜑 = 1 − (1 − 𝜑 )cosh(𝑝𝑡) Equation 2-9 
 ?̇? = −(1 − 𝜑 )𝑝 sinh(𝑝𝑡) Equation 2-10 
At the nth impact, the impact velocity is shown in Equation 2-11, where φn is the 
amplitude following the nth impact. 
 ?̇? = −𝑝 1 − (1 − 𝜑 )  Equation 2-11 
Solving this equation using the reduction in energy and its associated reduction in 
velocity, the solution for φn is shown in Equation 2-12.  
 𝜑 = 1 − 1 − 𝑟 [1 − (1 − 𝜑 ) ] Equation 2-12 
Based on these relationships, Housner determined that when the amplitude of 
rocking is large, the energy decreases rapidly, whereas if the amplitude of vibration is 
small, the energy decreases much more slowly (Housner 1963). When these freestanding 
structures are in free vibration, these equations show that motion will begin to oscillate at 
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large amplitudes, then, as energy decreases, the amplitude of oscillation will decrease as 
frequency increases before the structure returns to rest.  
 Real world instances of rocking in these structures will typically be inelastic and 
involve sliding or bouncing on impact rather than the smooth transitions indicated in 
Housner’s free vibration equations. Housner also investigated rocking motions caused by 
constant acceleration and sinusoidal acceleration to determine the minimum acceleration 
required to overturn a structure that undergoes these conditions. However, real world 
seismic ground motions rarely resemble these idealized models and structures can 
overturn due to accelerations that are smaller than the minimums determined for these 
cases if multiple accelerations act in succession, like a strong-motion earthquake with 
periods shorter than the rocking period of the structure (Housner 1963).  
 If a freestanding block is subjected to series of impulses representing a strong-
ground motion, energy dissipation through rocking motion will be dependent on the 
number of impacts the structure undergoes, based on. The number of impacts can be 
determined using the amplitude and frequency of the rocking motion. Should the 
amplitude exceed a certain value, however, the block’s motion will be unable to reverse, 
and the block will overturn (Housner 1963). The energy required to overturn the block in 
this case is shown in Equation 2-13, where the average condition for overturning after N 
number of pulses is shown in Equation 2-14. In this case, M is the mass of the block and 
∆𝑣 is the change in ground motion velocity.  














(∆𝑣) 𝑁 Equation 2-14 
A structure’s stability when subjected to rocking motion can be estimated using 
these relationships by. By calculating the energy input into the system and comparing it 
to the energy required to overturn the structure as seen in Equation 2-15, stability is 
determined using the velocity response spectrum of an earthquake required to overturn 













However, the dimensions of the structure itself are only included in Housner’s equations 
through the aspect ratio, which is included in R. Therefore, for Housner’s analysis, as the 
height of the structure increases, the width required for stability does not increase at the 
same rate. 
2.1.2 Aslam, Godden, and Scalise (1978) 
 Aslam, Godden and Scalise expanded on Housner’s findings in their 1978 study 
of rocking and overturning rigid bodies. This study investigated unanchored rigid bodies, 
such as electrical machinery or mechanical equipment, that are subjected to horizontal 
and vertical ground motions. They found that rigid blocks with higher aspect ratios have 
an increased probability of overturning when subjected to strong motion earthquakes if 
rocking is initiated, regardless of the density of the material of the block. If the strong 
motion did not initiate rocking, these higher aspect ratio shapes were more likely to 
survive the earthquake. The rocking response was also found to be extremely sensitive to 
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changes in ground acceleration, coefficient of restitution of the block, and the dimensions 
of the rigid body, confirming the findings of previous studies. 
2.1.3 Yim, Chopra and Penzien (1980) 
Yim, Chopra and Penzien developed an analytical model to study rigid block 
overturning for their 1980 report. Their analysis utilized nonlinear equations of motion 
for a rigid block and a rigid base excited by horizontal and vertical ground motions. They 
found that the stability of a block does not increase with changes to its size or 
slenderness, and a block that overturns in one ground motion will not necessarily 
overturn in a more intense ground motion (Yim et. al 1980). Their findings showed that, 
for this approach, there is not a systematic correlation for overturning in the numerical 
model. The probabilistic method was also used, which showed that the probability of a 
block overturning increased with an increase in ground motion intensity, an increase in 
the slenderness ratio, or with a decrease in size. However, the estimates provided cannot 
be precise because the rocking behavior of each block is extremely sensitive to changes 
in size, slenderness, and ground motion intensity and requires more investigation (Yim et. 
al 1980).  
2.1.4 Ishiyama (1980) 
 In 1980, Ishiyama studied the criteria for overturning of rigid bodies by ground 
motions, specifically through earthquake excitations. They concluded that the response of 
an unattached rigid body can be broken up into six modes: rest, slide, rotation, slide 




Figure 2-2 The six types of motions of a block on a rigid surface, including (1) rest 
(2) slide, (3) rotation, (4) slide rotation, (5) translation jump, and (6) rotation jump 
(Ishiyama 1980) 
 
Each mode is initiated by either the motion of the ground or the impact of the 
body against the ground as it is rocking, depending on the mode and the blocks 
considered. It was also determined that, for rocking to continue after impact, the 
coefficient of friction must be greater than the aspect ratio of the rigid body (Ishiyama 
1980). One of Ishiyama’s goals was to calculate the acceleration and velocity of the 
ground motion by looking at which bodies overturned in a building due to an earthquake. 
Through testing, Ishiyama found that for overturning to occur, the horizontal acceleration 
must be 10 times the acceleration required to initiate a rocking response, and the velocity 
of the ground must be four times the velocity of the shock.  
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2.1.5 Psycharis (1990) 
 Psycharis’ paper on the dynamic behavior of two block rocking assemblies 
compared the response of a two-block system with the response of single block systems, 
much like Ishiyama’s study described previously. There are four main modes of rocking 
for these cases as shown in Figure 2-3.  
-  
Figure 2-3 The four possible modes of vibration, including Mode 1, where both 
rotate in the same direction, Mode 2, where both rotate in option directions, Mode 3, 
where the base rotates, and Mode 4, where only the upper block rotates (Psycharis 
1990) 
 
These modes are valid if both blocks are free to rock without sliding on rigid 
ground, which allows the assembly to change modes during the vibration due to impact 
with the ground or impact between the blocks (Psycharis 1990). As the motion continues, 
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impacts between the lower block and the ground causes energy to dissipate, then 
redistributes the energy of the system between the two blocks causing the energy 
contribution of the top block to increase. Over time, the top block sees longer and larger 
vibration than the lower one, and, therefore, is more likely to overturn when a ground 
motion is applied to the structure (Psycharis 1990). Psycharis also determined equations 
of motion that, when utilized, predict the mode of rocking initiated based on the geometry 
of each block.  
2.1.6 Chatzis and Smyth (2012a) 
Chatzis and Smyth’s paper proposes two models for analysis of freestanding 
bodies: a rigid body model and a deformable base model (Chatzis and Smyth 2012a). 
These are meant to include and analyze the nonlinear phenomena seen in other models 
and real-life response of rocking structures. The nonlinear phenomena were observed in 
models where sliding and uplift are considered, and the blocks go through large rotations 
due to the applied ground motion. The first model assumes the ground is deformable and 
is actualized as a set of vertical springs and dampers at the bottom corners of the 2D rigid 
body, as shown in Figure 2-4, which are activated when the rocking motion of the block 
submerges the corners (Chatzis and Smyth 2012a). The second model, the Winkler 
model, shown in Figure 2-5, considers the ground to be modeled as an elastic continuous 
medium with distributed vertical springs and dampers and even points on the edge of the 
block are assumed to activate a spring (Chatzis and Smyth 2012a). Both models were 
analyzed for their free vibration response and stability when subjected to ground motions. 
While these models can both be used to analyze overturning, the first model shows a 
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more significant loss of energy due to viscous damping during rocking, while the Winkler 
model is more flexible and more easily effected by ground rigidity when the block 
impacts the ground.  
 
Figure 2-4 2D vertical spring model (Chatzis and Smyth 2012a) 
 
 




2.1.7 Chatzis and Smyth (2012b)  
 Chatzis and Smyth expanded on the report in the previous section by applying the 
concentrated spring model and the Winkler model to 3D blocks and ground motions. In 
the concentrated spring model, the springs are activated when the bottom vertex is 
submerged, whereas the Winkler model springs are activated when a point on the face of 
the block contacts a spring, as shown in Figure 2-6. 
 The motion of both models was analyzed in 3D by investigating the displacement 
at the center of mass and the rotation of the blocks with nonlinear behavior caused by 
sliding and uplifting, shown in Figure 2-7. These findings showed that all degrees of 
freedom are activated by the ground motion and the response of the model is not confined 
to one plane (Chatzis and Smyth 2012b). Thus, assuming these models can be completed 
using 2D analysis on one plane, as previous studies like Housner’s had, will not be a 









Figure 2-7 Motion captures of (a) concentrated spring model and (b) Winkler model 
undergoing 3D motion (Chatzis and Smyth 2012b). 
 
2.2 Numerical Models 
2.2.1 Psycharis, Papastamatiou, and Alexandris (2000) 
Using the Distinct Element Method, Psycharis, Papastamatiou and Alexandris 
studied classical columns from ancient temples subjected to both harmonic and historic 
ground motions. The models were created using UDEC in 2D, which means rotation 
around the vertical axis was not considered. Both sets of columns were modeled as 
discrete blocks, with virtual springs acting as the contact surface between each pair of 
blocks. Deformation of the discrete blocks within the model was neglected, while the 
friction coefficient, normal and shear stiffness values for the block contact surfaces were 
determined through experimentation. The normal and shear stiffnesses was determined to 
be 5 GPa/m (Psycharis et al. 2000). Since damping plays a large role during free 
vibration but not during the strong motion response being studied in this case, damping 
was assumed to be zero for all models. Through numerical methods, it was determined 
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that the 2D model overestimated the stability of these structures when compared to a 3D 
model.  
2.2.2 Papantonopoulos, Psycharis, Papastamatiou, Lemos and Mouzakis (2002) 
Papantonopoulos et.al (2002) used the Distinct Element Method to study the 
response of a multi-drum marble column to earthquake ground motions and compared the 
results to an experimental model. To make the models, several assumptions had to be 
made about the materials and mechanical parameters of the columns (Papantonopoulos, 
et al., 2002). Joint stiffness and fiction values were chosen to resemble a marble column, 
and zero damping was assumed. The experimental models showed variation in these 
properties and in some cases an increased damping value was more appropriate. Based on 
the results of this study, the numerical and experimental models had similar results, 
however, both the experimental model and the analytical model were extremely sensitive 
to changes in the parameters or initial conditions (Papantonopoulos et al., 2002). This 
means that for these models, only a finite range of behaviors could be predicted, based on 
the included initial conditions and geometries. 
2.2.3 Lemos (2007) 
Distinct element modeling methods were first proposed in by Cundall as 
numerical solutions, after which other models with similar approaches were developed 
(Cundall 1971). Each model presented by Lemos idealizes masonry as a discontinuum, 
such that the mechanical properties of each block and the interaction between blocks are 
modeled separately, and nonlinear behavior is modeled to include joint sliding and total 
separation between blocks (Lemos 2007). The first models, which are utilized in 3DEC 
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and are based on models used for rock mechanics, assumes that blocks may be rigid or 
deformable and have soft or deformable contact with other blocks or the ground. 
Discrete-finite element models are also evaluated by Lemos and are included in DEM 
code with an edge-to-edge contact logic between blocks and was designed for models 
that are expected to fracture (Lemos 2007). The discontinuous deformation analysis 
method (DDA), which was developed for rock engineering, is a 2D method where all 
blocks are deformable, and all contacts are rigid in the normal direction. Unlike other 
models, each block is assumed to be under uniform stress and strain (Lemos 2007). Arch 
structures with rigid block assumptions, bridges if plasticity is considered, arch and pillar 
combination structures, multiple-leaf arches, stone masonry monuments, and column-
architrave structures have been studied successfully using one or more of the models 
discussed. 
2.2.4 Abraseys and Psycharis (2011) 
In their 2011 paper, Abraseys and Psycharis studied a statue placed atop a multi-
drum column using numerical methods. These structures are particularly sensitive to 
ground motion, as the statue atop the column tends to overturn while the column remains 
standing. 3DEC was utilized, and all deformations of the column, such as sliding, rocking 
or separation, were concentrated at the joints of the rigid block model. These blocks were 
modeled as connected and the base was fixed, to match the experimental column being 
studied (Abraseys and Psycharis 2011). The results of experimentation showed that as the 
normal stress increases on a block, the static coefficient of friction increases. This means 
that the difference between the static coefficient of friction and the kinetic coefficient of 
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friction decreases, which results in sliding or overturning. Under these conditions, the 
upper sections of the column being more likely to slide than those closer to the base. 
Therefore, the statue at the top of the column would experience the most displacement, 
making it more susceptible to overturning.   
2.2.5 Dimitri, De Lorenzis and Zavarise (2011) 
Buildings of historic importance, such as the historic monuments or buildings 
considered in this thesis, are often built of unreinforced masonry and therefore are 
susceptible to damage during an earthquake. To model multi-drum masonry columns, the 
preferred modeling is the Distinct Element Method, since these structures behave in a 
highly nonlinear manner and each brick is capable of independent sliding and rocking 
(Dimitri et. al 2011). These models confirmed previous research which found that ground 
motions with long period excitations, which are dominated by rocking, are more 
dangerous to these structures than those with shorter periods, which are dominated by 
sliding and inter-stone vibrations (Dimitri et. al 2011). This study also found that single-
block models saw less energy dissipation than multi-block structures, where inter-stone 
vibrations and collisions are more likely occur, since single-block structures only see 
energy dissipation when impacts occur due to rocking. The size law effect, which had 
been studied for simpler rocking motions, applied to multi-block systems as well and 
showed that larger columns were more resistant to overturning than smaller ones.  
2.2.6 Psycharis, Fragiadakis and Stefanou (2013) 
 As stated in previous studies, classical columns can generally be considered 
earthquake resistant, since the columns built in ancient Greece have survived seismic 
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activity since they were built and have, for the most part, remained intact. Using a Monte 
Carlo simulation and the Distinct Element Method, the authors found the seismic risk of 
such structures when subjected to a synthetic ground motion that contained low and high 
frequency components (Psycharis, et. al. 2013). The results were then used to produce 
fragility curves that were dependent on the magnitude of the motion and the fault 
distance, as well as the intensity of the response during shaking, and the residual 
deformation of the column. This study found that stronger ground motions saw larger 
displacements at the top of the column and residual deformations along the column, 
although significant scattering could be seen. Psycharis determined that for near fault 
ground motions, like those used in this thesis, displacement and residual deformation 
increased when the magnitude of the ground motion increase, however, for larger 
distances from faults, when the magnitude was higher, the motion’s small acceleration 
amplitude was unable to sustain intense rocking. Based on these results, the authors 
determined that the PGA of a high magnitude ground motion’s high frequency 
component was a determining factor in the structure’s rocking and potential for collapse.  
2.2.7 Saifullah and Wittich (2021) 
           Since freestanding structures have significant variability in response based on 
geometry and location, Saifullah and Wittich looked at two statue and pedestal systems 
that had overturned in a 2014 earthquake and compared their modeled numerical 
response with the actual results from the earthquake in California to determine the effects 
of various factors, such as ground conditions or direction of the ground motion. These 
statues and pedestals were modeled using DEM on 3DEC. Based on these 3DEC models, 
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it was determined that DEM modeling estimated the response of both statues well and 
that modeling the ground beneath a freestanding structure in 3DEC makes a significant 
difference in the results and rocking response of the statue (Saifullah and Wittich 2021). 
The authors found that modeling ground beneath the pedestal instead of a hard surface 
allowed 3DEC to model the impacts between the ground and the pedestal more 
accurately, since the angle of rotation of the pedestal could be significantly higher, which 
increases the probability of overturning in these systems. 
2.2.8 Malomo, Mehrotra, and DeJong 2020 
           In Malomo, Mehrotra, and DeJong’s 2020 paper, two models for a four-column 
podium structure were used, one that included damping, and one that did not. Both 
models were created using the Distinct Element Method (DEM) in 3DEC and compared 
to a shake table test. They determined that the model that did not include damping 
overestimated the response when subjected to less intense earthquakes, which was 
addressed in the second model. However, including damping was found to increase the 
computation time of the model and led to underestimating the response of the model 
under intense ground motions (Malomo et. al. 2020). Both models consisted of steel or 
aluminum columns, modeled as rigid blocks, with contacts modeled as nonlinear springs. 
As the model is subjected to a ground motion, its strength and stiffness decreases, which 
is shown by the number of contact springs that have failed. For this model, interface 
friction depended only on the friction angle, 11.3°, which was found using an assumed 
coefficient of friction (Malomo et.al. 2020). It was determined that 3D numerical models 
that did not include damping reduced the computation time of the model and provided 
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reasonable response estimations when compared to shake table tests, although including 
damping will improve the results when computation time is not a factor.  
2.3 Probabilistic Models for Freestanding Structures 
2.3.1 Purvance (2005) 
 Purvance’s 2005 dissertation focused on investigating precariously balanced rocks 
(PBR) to help ascertain the fragility and overturning behavior of slender blocks. Using 
logistic and multiple least square regression, the probability of overturning for a 
precariously balanced rock (PBR) due to a specified excitation with fragility surfaces was 
studied. Purvance determined that overturning depended on the level of high frequency 
shaking and the intensity of the low frequency component of the ground motion. This is 
because the high frequency component will initiate the rocking, while the low frequency 
component will act to overturn the PBR. In general, it was determined that in this study, 
the peak ground acceleration (PGA) was a good indicator of the high frequency 
component, while the peak ground velocity over the peak ground acceleration 
(PGV/PGA), the spectral acceleration at a period of 1 second over PGA, and the spectral 
acceleration at a period of 2 seconds over PGA were good indicators for the low 
frequency component (Purvance 2005). Purvance also noted that more testing would be 
required to fully quantify the PBR response, since they assumed the response would 
follow the principle of conservation of angular motion, and the calculations allowed for 
only one free parameter in the response.  
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2.3.2 Purvance, Anooshehpoor and Brune (2008) 
 Purvance, Anooshehpoor and Brune’s 2008 study aimed to determine the 
overturning fragilities of delicate geological structures, such as granite boulders, that 
undergo earthquake ground motions. Fragility estimates were presented for general block 
overturning to be used with the 2002 USGS National Seismic Hazard Maps. Several 
intensity measures were considered, but for this analysis, it was shown that the peak 
ground velocity over peak ground acceleration, spectral acceleration for the first mode 
over peak ground acceleration, and spectral acceleration for the second mode over peak 
ground acceleration were the best intensity measures to indicate overturning for the 
modeled delicate geological structures (Purvance et. al 2008).  
2.3.3 Dimitrakopoulos and Paraskeva (2015) 
Dimitrakopoulos and Paraskeva focused on slender, rigid structures that undergo 
pure rocking behavior when subjected to seismic ground motions for their analysis. The 
results show a negative stiffness and the effects during rigid rocking motion, along with 
confirming that rocking rigid bodies are particularly susceptible to damage during 
coherent pulse-type ground motions. One of the methods they used to determine the 
probability of overturning was the stochastic linearization technique presented by Spanos 
and Koh. There are also several methods of determining which ground motions can be 
used. Dimitrakopoulos and Paraskeva chose to use synthetic ground motions for this 
study due to the limited availability of real ground motions that met their criteria for 
frequency and pulse set. To create their synthetic ground motions, they superimposed two 
components, a low frequency coherent pulse and a stochastic high frequency response 
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(Dimitrakopoulos and Paraskeva 2015). The controlling engineering demand parameter 
and limit state was absolute peak rocking rotation over the slenderness ratio of the rigid 
body. They determined that if a rocking structure survives the ground motion, the peak 
response of the structure follows a biplanar distribution. For efficiency, this study uses 
dimensionless-orientationless IMs for a normalized description of rocking. These IMs are 
indifferent to the size and frequency of structure or the amplitude and predominant 
frequency of the ground motion. Although these IMs give decent descriptions of the 
fragility functions, this study determined that specialized IMs are required for rocking 
structures and further analysis was required. Specifically, they determined that PGA and 
PGV/PGA work well as bivariate IMs to predict overturning and safe-rocking responses, 
when scaled to be dimensionless and orientationless for the considered ground motion 
(Dimitrakopoulos and Paraskeva 2015).  
2.3.4 Petrone, Di Sarno, Magliulo, and Cozenza (2017) 
 The goal of Petrone et. al’s 2017 study was to use available numerical modeling 
methods to study the fragility of common freestanding building components when 
subjected to earthquake excitations. They compared the Finite Element Method and the 
rigid block model when applied to hospital cabinets, to determine the most reliable 
predication of overturning. The finite element method provided predictions of the 
acceleration distribution across the equipment; however, the rigid block model could 
predict whether the cabinet would overturn (Petrone et. al 2017). The most efficient IM 
for overturning and rocking predictions was PGA for small rigid blocks, while PGV was 
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more efficient for large rigid blocks, based the rocking damage and collapse damage 
state.  
2.3.5 Majdalaweyh, Pang, Safiey, Ziaei, and Rokneddin (2019) 
 In Majdalaweyh et.al’s 2019 paper, they assessed the seismic vulnerability of the 
contents of buildings. Unlike Petron et.al (2017), they looked at the rocking, sliding and 
overturning response of anchored blocks and compared it to a similar block’s unanchored 
response. Overall, they found that free standing objects are more likely to overturn and be 
damaged than anchored blocks if rocking is induced for low or moderate shaking. The 
fragility functions of the following behaviors were created using the Peak Horizontal 
Ground Acceleration (PGHA) using logistic regression.  Based on the seismic 
vulnerability determined using sliding displacement and rotation angle engineering 
demand parameters, the unanchored and anchored blocks acted similarly, with limited 
reduction in loss and damage for higher intensity PGHA and shaking levels. For sliding, 
the damage states were: no damage, limited sliding of less than 50 cm, and excessive 
sliding greater than 50 cm (Majdalaweyh et. al 2019). For rocking, the damage states 
were: no damage and anchor breakage when sliding displacement exceeds yield 
displacement of the cable, and overturning (Majdalaweyh et. al 2019).  
2.3.6 Knickerbocker (2019) 
In Knickerbocker’s 2019 thesis, PBRs were used to estimate rare seismic hazards, 
since the behavior of these bodies has been shown to be sensitive to changes in geometry, 
position, and ground motion characteristics, as addressed in previous sections. The 
purpose was to determine a probabilistic relationship between ground motion intensity 
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and the rocking or sliding demands of PBRs when modeled using two-dimensional 
equations of motion and synthetic pulse motions. To determine the most robust IM for 
this relationship, scalar IMs and vector combinations of IMs were calculated for all the 
round motions considered, and receiver operator characteristic (ROC) analysis was 
performed to compare the model results and the IM values for all IMs or pair of IMs 
(Knickerbocker 2019). ROC analysis provides the false positive and true positive rates 
for each set of results and IMs, such that the accuracy of each IM or pair of IMs can be 
compared with every other IM or pair of IMs. Knickerbocker’s analysis confirmed that 
scalar IMs did not show consistent probabilistic relationships with the demands 
considered here, however, a vector combination of Cumulative Absolute Velocity (CAV) 
and Response Spectrum Intensity (RSI) had the most robust results, as shown in Table 
2-1.  
Table 2-1 Summary of vector IM characteristics and best performing vector IMs for 





2.4 Scope and Contribution  
This thesis aims to determine seismic fragility curves for the overturning behavior 
of freestanding structures, with particular application to seismic vulnerability of historic 
monuments and statues. Previous research has highlighted that deterministic approaches 
to overturning prediction is not feasible and that probabilistic approaches are necessary. 
To this end, there have been a handful of past studies that generated fragility curves for 
freestanding structures. However, these studies were oftentimes limited in the number or 
complexity of structural configurations considered, the numerical modeling approach, or 
the earthquake intensity measures to define the fragility. For example, Knickerbocker’s 
2019 research determined that for 2D, symmetric, single block systems representing 
precariously balanced rocks (PBRs), a combination of the cumulative absolute velocity 
(CAV) and the response spectrum intensity (RSI) could be used to analyze the sliding, 
rocking, and rocking-sliding combination behaviors of those systems. However, given 
that the behavior of freestanding structures is nonlinear with respect to geometry, and 
historic monuments and statues can include multi-block systems that are capable of 
rocking, sliding and twisting, a wide range of structural configurations must be included 
in a probabilistic analysis to ensure generalization. Similarly, freestanding structures with 
complex geometry tend to respond in complex, three-dimensional manners. Therefore, 
robust, three-dimensional numerical modeling approaches are necessary to account for 
this full range of anticipated response patterns such as overturning due to rocking, sliding 
or twisting.  
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This thesis aims to develop probabilistic relationships between the overturning 
behavior of a freestanding structure and an intensity measure (IM) or a pair of IMs to 
predict the vulnerability of these types of structures when subjected to seismic ground 
motions. This was done by accounting for: 1) a wide range of structural configurations, 
including symmetric and asymmetric as well as single block to multi-block systems; 2) 
fully three-dimensional response of the structures that allows for rocking, sliding, 
twisting, and free flight behaviors; and, 3) a wide range of earthquake intensity measures. 
To this end, 3D models of single symmetric or asymmetric blocks and symmetric dual 
block structures are modeled in Chapter 3. Additionally, historic, strong motion 
earthquakes were chosen and scaled to provide a range of IMs and behaviors before being 
applied to the models. The IMs are then presented in Chapter 4, along with the fragility 
functions and Receiver Operator Characteristic (ROC) analysis utilized in the scalar and 
vector IM study. Then, the best IM or vector IM can be chosen, based on the factors 
presented in Chapter 4. Chapter 5 contains a case study looking at a statue that overturned 
in a previous earthquake and comparing the behaviors of this statue with those predicted 
using the results of the fragility analysis. Chapter 6 presents the conclusions and potential 




CHAPTER 3 - MODELING AND ANALYSIS (DISTINCT 
ELEMENT METHOD) 
3.1 Overview  
There are several different ways to model freestanding, multi-block structures. 
Since these types of structures are capable of rocking, sliding, overturning, slide-rocking, 
and bouncing due to impact, either the Finite Element Method (FEM) or the Distinct 
Element Method (DEM) can be utilized as a modeling alternative to analytical equations. 
While both methods follow similar steps, there are several major differences in their 
analysis. FEM analyzes the system as a continuum, and typically requires joints to be 
modeled explicitly between nodes to represent the interacting surfaces of multiple blocks. 
DEM analyzes each block and the interaction between multiple distinct elements 
individually, as the name implies. This allows a significantly smoother transition between 
movements than is possible in FEM, which has proven to be inadequate when sudden, 
severe changes in the response, such as rocking or impacts, are likely to occur (Lemos 
2007). Since this thesis focuses on the rocking and overturning response of freestanding 
structures, DEM was utilized.  
3.2 Distinct Element Method Implementation in 3DEC 
Although the three-dimensional method was used in this thesis, DEM was initially 
developed as a two-dimensional analysis method by Cundall in 1971 (Cundall 1971). The 
three-dimensional analysis method was later developed and is included in many software 
platforms, including the program used in this thesis, 3DEC (Itasca 2016). A brief 
description of 3DEC and its method of analysis is provided here. 
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For this thesis, an important factor is the interaction between a statue and its pedestal or 
the ground as the pedestal or statue rotates. In 3DEC, a “common-plane,” which can be 
visualized as a thin sheet between the ground and the block or between two neighboring 
blocks, is used to determine if the two surfaces are in contact or separated, as shown in 
Figure 3-1.  
 
Figure 3-1 Common plane visualization (Itasca 2016) 
 
If the “common-plane” is tightly squeezed between the two surfaces, they are in 
contact. If the “common-plane” deflects, they are not in contact. This method allows 
3DEC to analyze the rocking response and impacts within structure, where the points of 
contact are constantly changing. An added benefit of this method is that the “common-
plane” can determine if contact is from a vertex, an edge, or the face of the blocks. If 
contact is due to one block’s face, sub-contacts are utilized at the corresponding vertices. 
If the contact is between two block faces, such as when a statue and pedestal are 
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modeled, the contact is modeled similarly to two sets of springs, with finite normal and 
shear stiffnesses.  
Newton’s second law of motion and the constitutive equation is applied at each 
time step to solve these systems. If contact is detected, the constitutive relationship is 
applied at that location and estimates the contact forces at that point. Then, integrating the 
equation of motion for all blocks, the new positions of all the blocks within the system 
and the contact displacement increments can be determined. The contact force increments 
can be found using the following equations.  
 Normal: ∆𝐹 = 𝐾 ∆𝑈 𝐴  Equation 3-1 
 Shear: ∆𝐹 = 𝐾 ∆𝑈 𝐴  Equation 3-2 
 KN and KS represent the known normal and shear stiffnesses, ΔUN and ΔUS represent the 
normal and shear displacement increments, ΔFN and ΔFS represent the normal and shear 
force increments, and AC is the area of the sub-contact determined by 3DEC.  
 The translation and rotation of a single rigid block can be determined using 
numerical integration of the equations of motion at a block level, using an explicit central 
finite-difference approach. In the 3DEC solution scheme, the acceleration at the time t is 
written in terms of the velocities at the midpoints of the time steps. The translational and 
rotational velocities, on the other hand, are determined at time t by averaging the mid-
time-interval velocities.  
 The equations of motion, as determined in Cundall (1988) and Hart et al. (1988) 
are shown in Equation 3-3 through Equation 3-6. 
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 ?̈? + 𝜂?̇? =
𝐹
𝑚
+ 𝑔  Equation 3-3 
 𝐼 𝛼 + 𝜂𝐼 𝜔 + (𝐼 − 𝐼 )𝜔 𝜔 = 𝑀  Equation 3-4 
 𝐼 𝛼 + 𝜂𝐼 𝜔 + (𝐼 − 𝐼 )𝜔 𝜔 = 𝑀  Equation 3-5 
 𝐼 𝛼 + 𝜂𝐼 𝜔 + (𝐼 − 𝐼 )𝜔 𝜔 = 𝑀  Equation 3-6 
In Equation 3-3, ?̈?  represents the acceleration at the centroid of the block, ?̇?  represents 
the velocity at the centroid of the block, 𝜂 represents the mass-proportional damping 
parameter, m represents the mass of the block, 𝐹  represents the sum of the external forces 
and forces from contacts applied to the block, and 𝑔  represents the vector of gravitation 
acceleration. In Equation 3-4 through Equation 3-6, 𝐼 , 𝐼 , 𝐼  represent the principal 
moments of inertia of the block, 𝛼 , 𝛼 , 𝛼  represent the angular accelerations, 𝜔 , 𝜔 , 𝜔  
represent the angular velocities of the block, and 𝑀 , 𝑀 , 𝑀  represent the components of 
torque applied to the block.  
3.3 Simulation Matrix and Geometric Modeling  
For this thesis, multiple systems of blocks were modeled in 3DEC. Twenty-eight 
single block systems, consisting of one block with varying height and aspect ratios sitting 
atop a ground block, and 27 dual block systems, consisting of a block and pedestal 
modeled on a ground block, were considered. For all systems, the ground block was 
modeled as a rectangular block, which is constrained in all directions other than the 
direction of the ground motion. The dimensions of the ground block were chosen such 
that the pedestal or statue base was able to freely rest on it, and, when rocking is induced, 
all contacts between the base of the block and the ground occur on the face of the ground 
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block. Both blocks were modeled such that rocking, sliding, twisting and overturning 
could be induced by the ground motion being considered.  
The pedestal, statue and ground blocks were modeled as rigid blocks, and all 
internal deformation contributions were ignored, since most of the deformation in a 
freestanding block will be concentrated at the interfaces or contacts. The Coulomb-Slip 
Model was used for the contacts since the joints for these systems can be considered 
compression-only springs. This model requires the tensile strength and cohesion to be 
zero if either tensile or shear exceeds their maximum allowable values. Since the 
cohesion is zero, the shear strength of each joint is governed by friction only. The 
following sections describe the various model shapes and sizes, as well as their expected 
responses. Both the statue and pedestal blocks were modeled to represent stone, as is 
typical for many historical structures, with a density of 2400 kg/m3. The normal stiffness 
and friction angle remain constant for all models, at 1 GPa and 40° respectively.  
3.3.1 Single Block Systems  
Table 3-1 shows the single block systems modeled. Three different heights were 
chosen to correspond with typical freestanding statues, one short (1.8 m) block, a medium 
(4.5 m) block and a tall (9 m) block. Each block was modeled with different aspect ratios, 
to capture the effects of slenderness on the overturning response, as shown in Figure 3-2. 
Three asymmetries were also considered. Many statues and historic freestanding 
structures are asymmetric (See Figure 3-2). For the purposes of this thesis, asymmetry is 
the difference between the location of the center of mass for a block that is the same 
width at the base as the top, compared to a block that has the same base width as the 
34 
 
symmetric block, but is wider at the top. This definition is used in order to model the 
typical asymmetry of historic monuments or statues, such as a statue’s arms or a horse’s 
head. These were modeled by creating larger blocks in 3DEC and performing cuts such 
that the center of gravity of the block was moved 10% of the base width or 25% of the 
base width from the center of the base. This means that, from left to right, if the block is 1 
m wide, the center of mass is at 0.6 m or 0.75 m, giving the blocks 60% asymmetry and 
75% asymmetry respectively. All heights and aspect ratios of the symmetric single block 
model were also run for three separate shear stiffness values, meant to represent the 
impact of ground below a statue-pedestal system: 1 GPa/m, 0.5 GPa/m, and 2 GPa/m, 
however, asymmetric runs were only completed for 1 GPa/m. This results in a total of 8 
models with a shear stiffness of 0.5 GPa, 12 with a shear stiffness of 1.0 GPa, and 8 with 
a shear stiffness of 2.0 GPa, for a total of 28 single block models over 1080 scaled 
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1 For Table 3-1, the asymmetric shapes were only considered for a shear stiffness of 1.0 GPa, and were 




Figure 3-2: Symmetric and asymmetric blocks, with 1.8 m height, aspect ratio of 0.2, 
and asymmetry ratios of 0.5 (left) and 0.6 (right) 
 
3.3.2 Dual Block Systems  
Table 3-2 shows the dual block systems modeled, an example of which is shown 
in Figure 3-3. For each height and aspect ratio of the upper block (Block 1), three 
pedestal (Block 2) heights were determined based on the rocking mode they would 
initiate. The dimensions of Block 2 were found using relationships between the rocking 
modes of dual block systems and the dimensions of the blocks and pedestals as described 
later in this section. These combinations result in a total of 27 dual block models, 
spanning 3 aspect ratios and 3 relative pedestal heights. Each rocking mode is defined by 
the type of vibrational motion the structure undergoes first. If Block 1, the pedestal, and 
Block 2, the statue or monument, begin by rocking in the same direction, the structure is 
behaving in Mode 1. Alternatively, if Block 1 rotates opposite to Block 2, the structure is 
behaving in Mode 2. These modes are not considered for this thesis, since the focus is on 
whether Block 1, the statue or monument, will overturn once rocking has been initiated, 
not the pedestal’s behavior. Instead, Modes 3 and 4 are considered. 
37 
 

































































(a)         (b)         (c) 
Figure 3-3 Dual block system with (a) height 1.8 m, aspect ratio 0.2 and Mode 3 
pedestal/statue ratio, (b) height 1.8 m, aspect ratio 0.2 and border pedestal/statue 
ratio, (c) height of 1.8 m, aspect ratio of 0.2 and Mode 4 pedestal/statue ratio 
 
Mode 3 has been defined as when Block 2 rocks while Block 1 remains at rest 
relative to Block 2. Mode 4 occurs when only Block 1 rotates, while Block 2 does not 
rock. For the purposes of this thesis, the ‘squat block’ is the shortest pedestal for each 
Block 1 size, and is small enough that when motion is initiated, only Block 1 will rock 
(Mode 4). The quite tall pedestal is the tallest pedestal modeled for each Block 1 and was 
chosen such that when motion is initiated, Block 2 rotates (Mode 3). The tall pedestal’s 
dimensions are such that the motion will be at the limit between Mode 3 and Mode 4 
(Mode B).  
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To determine the points where these modes are initiated and transition, the 
following equations were utilized, based on the geometry of the blocks (Psycharis 1990).  
 Mode 3: − ℎ?̈? ± ?̈? ≥ 𝑔 Equation 3-7 
 Mode 4: − ℎ ?̈? ± ?̈? ≥ 𝑔 Equation 3-8 
In these equations, h is the height at the center of mass of the system when both blocks 
are considered, h2 is the height from the base of Block 2 to its center of mass, ?̈?  and ?̈?  
are the components of the base excitation in two respective directions, and b1, b2 are the 
width at the base of Block 1 and Block 2, respectively. The transition point between 
Mode 3 and Mode 4 was calculated such that Equation 3-7 and Equation 3-8 would be 
equal.  
3.3.3 Ground Motions 
For this thesis, 120 recorded ground motions were considered. These were 
acquired from the Pacific Earthquake Engineering Research Center (PEER) ground 
motion database, which are provided unscaled and unrotated and are listed in Appendix A 
(Ancheta et.al 2013).  These near fault ground motions were chosen for their pulse-like 
characteristics, which have been shown to have the greatest effect on freestanding 
structures (Yim et al 1980, Dimitri et al 2011). Twelve scale factors were applied to each 
ground motion and each scaled ground motion was run for all models referred to in the 
previous sections. These scale factors were chosen so that the peak ground acceleration 
(PGA) for the ground motion would be equal to 0.05g, 0.1g, 0.15g, 0.2g, 0.3g, 0.4g, 0.5g, 
0.6g, 0.7g, 0.8g, 0.9g, or 1.0g, where g represents the acceleration due to gravity. The 
purpose of these models was to determine whether the top block, which represents a 
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historical monument, would either fall over or fall off its pedestal and incur damage 
during a seismic event, typically referred to in this thesis as overturning. The smallest 
scale factors, 0.05g – 0.2g, have smaller spacing, which was selected to ensure an 





CHAPTER 4 - INTENSITY MEASURE ANALYSIS 
4.1 Definition of Intensity Measures 
Intensity measures (IMs) determine the intensity of a seismic event based on its 
characteristics, including energy output, peak acceleration values, duration of the ground 
motion, etc. Past studies have utilized the peak ground acceleration (PGA) or a ratio of 
the PGA to the peak ground velocity (PGA/PGV) to study the response of freestanding 
structures when subjected to a ground motion (Purvance et. al 2008)/. A more recent 
study on freestanding structures determined that alternative IMs, namely the cumulative 
absolute velocity and response spectrum intensity, can result in a more robust and 
efficient relationship between the freestanding structure’s response and a ground 
motion’s characteristics (Knickerbocker and Wittich 2019). However, this thesis and 
previous studies are limited to existing IMs and simple geometric configurations 
(Knickerbocker and Wittich 2019).  While developing a new IM may provide a more 
robust probabilistic model, vulnerability assessments such as those emphasized in this 
thesis are not possible unless the IMs can be attenuated and the results from a 
probabilistic seismic hazard analysis available.  Therefore, this thesis considers a total of 
67 IMs, which are evaluated with respect to computability, efficiency, and practicality. 
The IMs considered and discussion related to each considered dimension are included in 
the following sub-sections.  
4.1.1 Methodology  
The intensity measures chosen for this thesis were derived using equations found 
in several previous studies (Kramer 1996, Karavasilis et.al 2010). Table 4-1shows all the 
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intensity measures considered and their corresponding equations. Several IMs are based 
on spectral values, such as the displacement spectrum intensity and the velocity spectrum 
intensity and must be determined over a range of periods. Eight period ranges were 
utilized for those calculations, resulting in a total of 67 IMs (Knickerbocker 2019). This 
thesis aims to incorporate these IMs in a fragility analysis, which correlates overturning 
with the earthquake intensity. As such, it is imperative that there is sufficient spread of 
the intensity measures prior to any regression. Therefore, a histogram was made for each 
IM to ensure that the IMs used in this thesis were well distributed across all ground 
motions and outliers could be removed (see Appendix B for histograms of each IM).   










Intensity (ASI): T1-T8 
ASI = S (ζ, T)dT 
Cumulative Absolute 
Velocity (CAV) 
CAV = |a(t)|dt 
Characteristic Intensity (Ic) I = a . T .  







Intensity (DSI): T1-T8 
DSI = S (ζ, T)dT 
Effective Design 
Acceleration (EDA) 
EDA = max a(t) ≤ 8 Hz 
Effective Peak Acceleration 
(EPA): T1-T8 
EPA =




2 Spectral Period Ranges: T1: 0.1 – 0.5 s, T2: 0.5 – 1.0 s, T3: 1.0 – 1.5 s, T4: 1.5 – 2.0 s, T5: 2.0 – 2.5 s, 
T6: 2.5 – 3.0 s, T7: 1.0 – 2.5 s, T8: 0.1 – 3.0 s 
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Effective Peak Velocity 
(EPV): T1-T8 
EPV =
average[S (0 s − 1.0 s)]
2.5
 
Predominant Period (Pp) 
The period of vibration for the maximum value of the 
accelerogram in the Fourier amplitude spectrum  
Ratio of Maximum Velocity 













Intensity (RSI): T1-T8 
RSI = PSV(ζ, T)dT 
Significant Duration (Sd) 
The time in which 5% - 95% of the ground motion’s 
total energy occurs 
Sustained Maximum 
Acceleration (SMA) 
3rd highest acceleration in the absolute accelerogram  
Velocity Spectrum Intensity 
(VSI): T1-T8 
VSI = S (ζ, T)dT 
 
4.1.2 Efficiency and Practicality 
The efficiency of an IM is determined by the variation in structural demands for a 
given IM (Luco and Cornell 2007). Efficiency will be determined for this thesis through 
Receiver Operator Characteristic analysis, by determining which IMs are good predictors 
of overturning behavior and which IMs have little relation to whether the structure 
overturns or remains undamaged. Efficient IMs will have strong relationships with 
overturning, whereas inefficient IMs will have weak relationships or no relationship at 
all.  
The practicality of an IM for seismic analysis can be used to analyze how an IM 
relates to the structural demand on the structure being considered, like the efficiency 
metric described previously (Padget et. al 2008). Specifically, an IM would be considered 
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practical if there is a notable relationship between the overturning demand and the value 
of the IM being considered. In some studies, such as this one, the practicality and 
efficiency of an IM are combined to determine the proficiency of the IM to simplify the 
selection process (Padget et. al 2008).  
4.1.3 Computability  
Another factor that must be considered when determining an IM or pair of IMs as 
a predictor of the structural response is computability. Computability refers to the ability 
to construct IM hazard curves and perform probabilistic seismic hazard analysis (PSHA) 
using the IM (Padget et al.2008). This will be quantified as high, moderate or low 
computability for this thesis in line with recent studies on freestanding structures 
Knickerbocker 2019). As defined by Knickerbocker (2019), high computability means 
that not only is it possible to construct a hazard curve, but it is also relatively easy to 
achieve using current data and methods for the specific IM and the hazard curves are 
readily available. Low computability means that there are no currently available hazard 
curves for that IM and no correlation equations exist to generate a hazard curve. 
Moderately computable IMs can also be considered, since hazard curves can be attained 
using current information, e.g. correlation equations described by Bradley 2012a. 
However, these relationships are not as readily available as a highly computable IM 
hazard curve, e.g. Peak Ground Acceleration (PGA). Several IMs that have been included 
in this thesis are not considered computable at all, as they lack correlation information or 
are difficult to calculate with currently available information. They were included in this 
thesis so that, should new information or methods be discovered that determine they are 
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computable, they can be considered as predictors in future work. The computability of 
the IMs used in this thesis is presented in Table 4-2, along with the sources for those IMs 
determined to be moderately or highly computable.  
Table 4-2: Computability of IMs (Knickerbocker 2019) 
 
Intensity Measure Computability 
Arias Intensity Moderate Danciu and Tselentis 
ASI T 0.1 – 0.5 s Moderate 
CAV: Bradley 2012a                 
DSI (2-5 s): Bradley 2011c 
Duration: Bradley 2011a           
PHA: Bradley 2011b 
PHV: Bradley 2012b 
ASI T 0.5 – 1 s Low 
ASI T 1 – 1.5 s Low 
ASI T 1.5 – 2 s Low 
ASI T 2 – 2.5 s Low 
ASI T 2.5 – 3 s Low 
ASI T 1 – 2.5 s Low 




Danciu and Tselentis                 
DSI (2-5 s): Bradley 2011c 
Duration: Bradley 2011a           
PHA: Bradley 2011b 
PHV: Bradley 2012b 
Characteristic 
Intensity 




DSI T 0.1 – 0.5 s Low 
DSI T 0.5 – 1 s Low 
DSI T 1 – 1.5 s Low 
DSI T 1.5 – 2 s Low 
DSI T 2 – 2.5 s Low 
DSI T 2.5 – 3 s Low 
DSI T 1 – 2.5 s Low 
DSI T 0.1 – 0.3 s Low 
Duration  Moderate 
CAV: Bradley 2012a                
DSI (2-5 s): Bradley 2011c 
PHA: Bradley 2011b                 






Predominant Period N/A 
PHA Strong 
Danciu and Tselentis                 
CAV: Bradley 2012 a 
DSI (2-5 s): Bradley 2011c       
Duration: Bradley 2011a           
PHV: Bradley 2011b 
PHV Strong 
CAV: Bradley 2012a        
DSI (2-5 s): Danciu and Tselentis          
Duration: Bradley 2011a           
PHA: Bradley 2011b 
PHV/PHA Strong 
RMS Acceleration  Moderate Danciu and Tselentis 
RSI T 0.1 – 0.5 s Low 
RSI T 0.5 – 1 s Low 
RSI T 1 – 1.5 s Low 
RSI T 1.5 – 2 s Low 
RSI T 2 – 2.5 s Low 
RSI T 2.5 – 3 s Low 
RSI T 1 – 2.5 s Moderate 
Danciu and Tselentis               
CAV: Bradley 2012a 
DSI (2-5 s): Bradley 2011c     
Duration: Bradley 2011a 
PHA: Bradley 2011b               
PHV: Bradley 2012b 
RSI T 0.1 – 0.3 s Low 
SMA N/A 
VSI T 0.1 – 0.5 s N/A 
VSI T 0.5 – 1 s N/A 
VSI T 1 – 1.5 s N/A 
VSI T 1.5 – 2 s N/A 
VSI T 2 – 2.5 s N/A 
VSI T 2.5 – 3 s N/A 
VSI T 1 – 2.5 s N/A 




4.2 Fragility Functions Analysis and Methodology  
Fragility curves were created for the scalar and vector ROC analysis using 
MATLAB. These plots graphically present the probability of the considered shape 
overturning based on an IM value. For the scalar IMs, these plots are relatively simple, 
with the probability of overturning on one axis and the value of the IM on the other.  
The fragility plots were calculated based on the maximum likelihood estimate 
(MLE), which is commonly used for fragility analyses to determine a fragility function or 
a fragility surface (e.g., Gehl et al. 2013, Dimitrakopoulos and Paraskeva 2015, 
Knickerbocker 2019). For this thesis, the fragility curve stands for the conditional 
probability (Pf) that a statue or monument will overturn (D > C) given an IM value, as 
shown in Equation 4-1. 
 𝑃 = 𝑃(𝐷 > 𝐶 = 𝑐|𝐼𝑀) Equation 4-1 
First, the results were assumed to have a logistic distribution, since the only 
results in this thesis are overturning or non-overturning. Next, logistic regression, which 
assumes case-specific data, was utilized to determine the probability of overturning for 
the structure based on the IM being considered. In general, the logistic regression can be 
written as shown in Equation 4-2, where p is the probability of a certain damage 




=  𝜃 + 𝜃 (𝐼𝑀) 
Equation 4-2 
Therefore, the probability of overturning is calculated in Equation 4-3, where Φ 
represents the cumulative distribution function, μ is the mean of the natural logarithm of 
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the IM being considered, σ is the standard deviation of the natural logarithm of the same 
IM, and erf is the error function.  
Equation 4-3 
 










Using the maximum likelihood function, shown in Equation 4-4, the coefficients in the 
previous equations can be maximized and the mean and standard deviation of the 
distribution with the highest likelihood of overturning will be returned.  
𝐿 =  𝑃 (1 − 𝑃 )  
Equation 4-4 
The maximized mean and standard deviation of the IM given by the maximum 
likelihood function could then be used to plot a fragility function for overturning and a 
specific IM. Figure 4-2 and Figure 4-2 show example fragility curves for scalar IMs 
along with the overturning and non-overturning results, which are shown as either 1 or 0, 
respectively. However, for the vector IMs, these plots have three axes: the probability of 
overturning, IM 1 and IM 2, where a simplified two-dimensional representation is shown 
in Figure 4-3. For these fragility plots, the probability of overturning for the shape is 
regressed with respect to the values of IM 1, over 10 ranges of values of IM 2. These 
ranges were determined by arranging the values of IM 2 in ascending order, then dividing 
the total number of ground motions into 10 equal sized bins. The values of IM 1 
compared to the probabilities in each bin correspond to the ground motions included in 
that bin. Note that for this thesis, IM pairs will be written as IM 1 IM 2, with IM 1 always 
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listed first and IM 2 always listed second (eg. CAV PGA, where IM 1 is CAV and IM 2 
is PGA). 
 
Figure 4-1 Fragility curves for CAV for 4.5 m tall with 0.2 aspect ratio and shear 
stiffness 0.5. These datapoints represent binary overturning training data 
 
Figure 4-2 Fragility curves for CAV for 9 m tall with 0.125 aspect ratio and shear 






Figure 4-3 CAV and PGA fragility curves for a 4.5 m tall block with an aspect ratio 
of 0.25 and shear stiffness 0.5GPa with CAV as IM 1 and PGA as IM 2. These 
datapoints represent binary overturning data 
 
4.3 Receiver Operator Characteristic (ROC) Analysis and Methodology  
The Receiver Operator Characteristic (ROC) method used for this thesis is based 
on similar methods from previous studies to use IMs or pairs of IMs as predictors for the 
rocking and overturning behavior of structures (Gehl et. al 2011, Knickerbocker 2019). 
Gehl et. al used ROC to vector IMs to probabilistically determine the seismic risk of 
buildings, while Knickerbocker used ROC to compare scalar and vector IMs to the 
sliding and rocking responses of PBRs (Gehl et. al 2011, Knickerbocker 2019). This 
method plots the false positive versus the true positive rates to determine the performance 
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of an indicator by plotting the area under the curve (AUC) and was originally developed 
for use in radio signals and frequency analysis (Gehl et. al). The goal is to determine if a 
particular indicator, in this case an IM or pair of IMs, can identify a random positive 
example correctly more often than it selects a randomly chosen negative example 
(Bradley, 1997). For this thesis, a scalar IM study using ROC was performed for each IM 
with each model geometry. The ROC considered the IM values for all scale factors 
applied to the 120 historic ground motions, for a total of 1080 IM-results pairs per IM 
considered. For shapes with more than 70 % overturning results (700 or more), an 
additional 360 ground motions and simulations were completed, which corresponded to 
the ground motions with scale factors less than 0.2g to ensure all models met the criteria. 
This criterion was chosen so that the ROC analysis had adequate data to fully analyze the 
response of the structures for both overturning and non-overturning situations. Once the 
scalar analysis was completed using these values, a vector IM analysis was also 
performed to compare results if more than one IM is considered.  
For the ROC analysis using scalar IM values, a single IM was chosen and 
determined for all the considered ground motions, which was then compared with a 
model geometry’s overturning results. Once an IM and a model geometry were chosen, 
the data was randomly split in half to create two data sets that each contained IM values 
and the corresponding results from 3DEC. The first set was used as “training” data, to 
develop a fragility model. The second data set, the “testing” data, was used to check the 
fragility model developed by the training data set.  
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Next, a confusion matrix is created using the (Pi) testing data set. For each IM 
value in the testing data set, the overturning probability is calculated based on the 
probability determined with the training data. These values can then be compared to 
varying probability thresholds (po) to create the Pi x Pi predicted damage matrix. po is a 
vector of values between 0 and 1 that matches the length of Pi. To do this, each 
probability in Pi is compared to one value in po. If Pi ≥ po, the predicted damage (di) is 1, 
otherwise, di is -1. The first column in the predicted damage matrix, where po = 0, 
represents the beginning of the ROC curve (0,0), while the last column, where po = 1, 
represents the end of the ROC curve (1,1). The predicted damage matrix is then 
compared to a vector of the same length as Pi containing the actual block responses, 
where an overturned result is represented by a 1, while a not overturned result is 
represented by a -1. There are then four possible combinations for each overturning 
threshold.  
- d = 1 & di = 1: true positive, model overturns for both the predicted response   
  and the actual response 
- d = 1 & di = -1: false positive, model is predicted to overturn, but does not  
- d = -1 & di = 1: false negative, model is predicted to not overturn, but does  
- d = -1 & di = -1: true negative, model overturns for the predicted and actual   
  response 






𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠






𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
 
For this thesis, the ROC process was repeated ten times as part of a ten-fold cross-
validation scheme. The false positive rates and sensitivity rates for each case was then 
plotted to form the ROC curve. To compare the different IMs, MATLAB’s trapz function 
was used to find the area under the ROC curve (AUC).  
The vector IM analysis is based on this system. For this thesis, the vector IM 
fragility curves were created using the probability of overturning of a structure based on 
the values of IM 1 that coincide with a specific range of IM 2 values. To achieve this, the 
data were split into the training and testing groups as described previously, then the 
training data overturning results for the modeled ground motions and shapes were 
compared with the values of both IMs being considered, and divided into ten equally-
sized bins based on the magnitude of IM 2. Logistical distribution was again assumed, 
and logistic regression was performed for each bin individually, as shown in the fragility 
plots from Section 4.2. After the fragility for each bin was determined, the Pi data was 
compiled from each fragility function for all ranges of IM 2. The confusion matrix was 
determined using the Pi data using the same method as the scalar IM analysis described 
previously and the ROC curve and AUC value was determined using the same method. 
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The following sections contain the result from scalar and vector IM analysis 
process and their results. 
4.4 Scalar Intensity Measure for Overturning  
The goal of this ROC analysis is to find the intensity measure that produces an 
AUC that is as close to 1.0 as possible, but an AUC of 0.7 or higher is also considered 
acceptable (Knickerbocker et. al 2019). Ideally, as the value of the IM increases, the 
probability of overturning increases and the number of models that did not overturn 
decreases. The ROC curves increase from 0 to 1, such that the sensitivity of the model 
would be 0 if the rate of false positives is 0, or 1 if the rate of false positives is 1. 
Ultimately, the goal is to find an IM that corresponds with a high sensitivity while the 
false positive is rate relatively low.  
Sample ROC curves are presented in Figure 4-4 for two different geometric single 
block models and intensity measures. As expected, the sensitivity rises from 0 to a value 
of 1 as a function of the rate of false positives. In Figure 4-4a, the ROC curve is 
characterized by an AUC of 0.93, which indicates that CAV is a fairly strong predictor of 
overturning for this particular geometric configuration. In Figure 4-4b, the ROC curve is 








Figure 4-4 Shear Stiffness 0.5 GPA (a) CAV ROC curve for 1.8 m block with an 
aspect ratio of 0.25 and (b) DSI T3 ROC curve for 4.5 m block with aspect ratio of 
0.25 
 
 Table 4-3, Table 4-4, Table 4-5, Table 4-6 and Table 4-7 contain summary 
results from the scalar ROC analysis for all IMs considered. It is noted that only the best 
performing spectral range is presented for those IMs that considered several ranges. For 
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each IM and shear stiffness value, several geometric configurations were analyzed, and 
statistics are presented that consider all of these configurations or model shapes. 
 Specifically, the minimum, maximum, median, average, and standard deviation 
are provided to demonstrate the performance of the IM across these models. Referring to 
this table, IMs with high AUC values for some shapes, may not perform well for others, 
as can be seen with VSI T6 or RSI T6. This is shown through the standard deviation, 
which considers the variety of AUCs found for the different shapes in each table. VSI T6 
had a standard deviation of 0.12 for single block models with 1.0 GPa shear stiffness 
while RSI T6 had a standard deviation of 0.105 for the same set of models. Considering 
that differences of this order for AUC are quite significant, these IMs do not perform 
consistently for all models and are quite poor predictors for several. The maximum AUC 
value for VSI T6 and RSI T6 at shear stiffness was 0.921 and 0.911 respectively, while 
the minimums were 0.626 and 0.594 respectively. 
 Additionally, the maximums, medians, and minimums show the range of AUC 
values determined for models in each table, several of which range from AUCs below 0.5 
to AUCs above 0.8 (e.g. RSI T6 for a shear stiffness of 1.0 GPa and VSI T6 for dual 
block systems). Most of the IMs considered in this thesis and summarized in this table 
have AUC values closer to 0.5 than 1.0, which is indicative of poor predictive behavior. 
However, some IMs, such as CAV, RSI T6, VSI T6 and RMS did return average AUC 
values greater than 0.7 most of the time, with CAV performing the best over all shapes 
considered. These results were not consistent enough across all of the geometric 
configurations or across all of the shear stiffnesses to declare these IMs sufficient. For 
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example, CAV had a range of AUCs from 0.8535 – 0.9358 when models incorporated a 
shear stiffness of 0.5 GPa (Table 4-3), but the minimum AUC when models incorporated 
a shear stiffness of 1.0 GPa drops to 0.6465. Therefore, a vector intensity measure study 
is required. Further examples of scalar IM ROC curves can be found in Appendix C, and 
the AUC values found through this method can be found in Appendix E. 
Table 4-3 Top 10 Performing IMs ROC Results, with best performing IMs and 
averages over all shapes with a shear stiffness of 0.5 GPa, maximums are bolded 
  
Avg Max Med Min Std Dev 
CAV 0.9109 0.9358 0.9290 0.8535 0.0307 
DSI T3 0.8894 0.9485 0.8944 0.7228 0.0473 
DSI T4 0.9136 0.9577 0.9157 0.7492 0.0366 
DSI T5 0.9261 0.9501 0.9411 0.7925 0.0276 
DSI T6 0.9303 0.9547 0.9412 0.8332 0.0245 
DSI T7 0.9180 0.9570 0.9260 0.8669 0.0385 
DSI T8 0.9011 0.9327 0.9043 0.8878 0.0245 
Ialpha 0.8285 0.9221 0.8295 0.8304 0.0768 
RSI T5 0.9016 0.9254 0.9046 0.8464 0.0214 
RSI T6 0.9072 0.9325 0.9127 0.4787 0.0174 
 
Table 4-4 Top 10 Performing IMs ROC Results, with best performing IMs and 
averages over all shapes with a shear stiffness of 1.0, maximum values are bolded 
  
Avg Max Med Min Std Dev 
CAV 0.8384 0.9349 0.8816 0.6465 0.0975 
DSI T1 0.7799 0.8809 0.8018 0.6281 0.0873 
DSI T2 0.8058 0.9389 0.7876 0.6621 0.0944 
DSI T3 0.8192 0.9519 0.8076 0.6812 0.0943 
DSI T4 0.8262 0.9373 0.8376 0.6950 0.0949 
DSI T5 0.8279 0.9370 0.8689 0.6371 0.1101 
DSI T6 0.8269 0.9393 0.8834 0.6219 0.1126 
DSI T7 0.8288 0.9451 0.8469 0.6818 0.0992 
DSI T8 0.8072 0.9269 0.8436 0.6284 0.1059 




Table 4-5 Top 10 Performing IMs ROC Results, with best performing IMs and 
averages over all shapes with a shear stiffness of 2.0, maximum values are bolded 
  
Avg Max Med Min Std Dev 
CAV 0.9224 0.9487 0.9276 0.8897 0.0190 
DSI T3 0.91193 0.94974 0.86575 0.80534 0.02793 
DSI T4 0.9222 0.9413 0.8940 0.8412 0.0177 
DSI T5 0.9292 0.9457 0.9204 0.8735 0.0160 
DSI T6 0.9275 0.9549 0.9289 0.8904 0.0148 
DSI T7 0.92830 0.94658 0.93281 0.89891 0.01755 
DSI T8 0.9078 0.9387 0.9249 0.9002 0.0241 
I alpha 0.9071 0.9399 0.9355 0.8941 0.0251 
RSI T5 0.9046 0.9287 0.9163 0.8735 0.0207 




Table 4-6 Top 10 Performing IMs ROC Results, with best performing IMs and 
averages over all shapes for dual block systems, maximum values are bolded 
  
Avg Max Med Min Std Dev 
CAV 0.9011 0.9607 0.9107 0.7981 0.0391 
DSI T4 0.9069 0.9813 0.8044 0.6465 0.0495 
DSI T5 0.9181 0.9745 0.8364 0.6820 0.0375 
DSI T6 0.9226 0.9658 0.8944 0.7518 0.0281 
DSI T7 0.9134 0.9821 0.9184 0.7935 0.0475 
I alpha 0.8798 0.9631 0.9308 0.8235 0.0520 
RSI T4 0.8754 0.9722 0.9326 0.8394 0.0546 
RSI T5 0.8891 0.9615 0.9263 0.8025 0.0417 
RSI T6 0.8960 0.9407 0.9025 0.7618 0.0286 






Table 4-7 Top 10 Performing IMs ROC Results, with best performing IMs and 
averages over all shapes and shear stiffness, maximum values are bolded 
  
Avg Max Med Min Std Dev 
CAV 0.8920 0.9607 0.9108 0.6465 0.0622 
DSI T4 0.8925 0.9813 0.9165 0.6950 0.0683 
DSI T5 0.9012 0.9745 0.9278 0.6371 0.0707 
DSI T6 0.9036 0.9658 0.9250 0.6219 0.0702 
DSI T7 0.8978 0.9821 0.9234 0.6818 0.0698 
I alpha 0.8733 0.9631 0.8903 0.7120 0.0600 
RSI T4 0.8640 0.9722 0.8833 0.6518 0.0685 
RSI T5 0.8760 0.9615 0.9013 0.6201 0.0681 
RSI T6 0.8808 0.9407 0.9032 0.5940 0.0648 
VSI T6 0.8557 0.9563 0.8806 0.6254 0.0766 
 
4.5 Vector Intensity Measure Study  
To improve the AUC of the IMs considered and to identify a proficient IM for 
probabilistic analyses of freestanding structures, the ROC analysis was repeated 
considering pairs of IMs rather than single values. The goal was that a pair of IMs would 
have a higher sensitivity than a single IM, without increasing the false positive rate. Since 
the approach to fragility modeling involved a family of fragility curves conditioned on 
IM 1 given a value of IM2, the approach to the ROC analysis is slightly different than in 
past studies of vector fragilities (e.g., Knickerbocker 2019). In this case, one IM (IM 2) 
was divided into 10 equal sized bins, based on IM 2’s value for each ground motion. 
Then the probability of overturning based on the second IM (IM 1) was then calculated 
for each bin using the method described in the ROC analysis section. This provides the 
probability of overturning for the model based on IM 1, for a range of IM 2 values. The 
remainder of the ROC analysis was performed as described in the previous sections. An 
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example of a ROC curve is shown in Figure 4-5. While this is a single ROC curve, it 
represents the performance of a family of fragilities incorporated two distinct intensity 
measures. Additional ROC curves and AUC values can be found in Appendix D, and 
Appendix F.  
 
Figure 4-5 ROC curve for CAV and PGA when considering a dual block structure 
with a 9 m tall top, 0.125 aspect ratio block, with Mode 4 pedestal 
 
IMs such as the cumulative absolute velocity and acceleration spectrum intensity, 
which performed particularly well in the scalar ROC, were considered first, followed by 
other IMs that had performed similarly. The vector ROC code was run for each IM pair 
over all shapes and shear stiffness previously considered. Table 4-8, Table 4-9, and Table 
4-10 show the top 10 vector IMs for single blocks with shear stiffnesses of 0.5 GPa, 1.0 
GPa, and 2.0 GPa, with their corresponding averages, maximums, medians, minimums 




For each shear stiffness and between the single and dual block configurations, 
different IM pairs emerge as the best overall predictors. For a shear stiffness of 0.5 GPa 
(Table 4-8), the best performing IM pair was CAV DSI T6 with an average AUC value of 
0.9303 and a standard deviation of 0.0272. For a shear stiffness of 1.0 GPa (Table 4-9), 
the best performing IM pair was CAV PGA, with an average AUC value of 0.9116 and a 
standard deviation of 0.0217, which is significantly lower than the standard of deviation 
for CAV or PGA in the scalar ROC analysis, where CAV had a standard deviation of 
0.0975 while PGA had a standard deviation of 0.0865. CAV DSI T7 performed best for a 
shear stiffness of 2.0 GPa, with an average AUC value of 0.9305 and a standard deviation 
of 0.0104 (Table 4-10). The dual block models’ best IM pair was PGA DSI T6, with an 
average AUC of 0.9199 and a standard deviation of 0.0206 (Table 4-11).  
 
Table 4-8 Top 10 Vector IM Pairs for single block models with a shear stiffness of 
0.5 GPa, with maximum values bolded 
 
 Avg Max Med Min Std Dev 
CAV DSI T5 0.9295 0.9512 0.9351 0.8860 0.0201 
CAV DSI T6 0.9303 0.9538 0.9383 0.8626 0.0272 
CAV DSI T7 0.9235 0.9567 0.9265 0.8674 0.0253 
CAV RSI T6 0.9244 0.9460 0.9334 0.8544 0.0275 
EDA DSI T6 0.9250 0.9499 0.9354 0.8522 0.0289 
PGA DSI T6 0.9292 0.9477 0.9408 0.8656 0.0259 
SMA DSI T5 0.9246 0.9462 0.9312 0.8882 0.0198 
SMA DSI T6 0.9265 0.9458 0.9373 0.8624 0.0261 
PHV PHA DSI T6 0.9259 0.9480 0.9340 0.8741 0.0218 










Table 4-9 Top 10 Vector IM Pairs for single block models with a shear stiffness of 
1.0 GPa, with maximum values bolded 
 
 Avg Max Med Min Std Dev 
CAV ASI T8 0.8831 0.9385 0.8818 0.8386 0.0251 
CAV DSI T1 0.8819 0.9398 0.8957 0.7907 0.0468 
CAV DSI T2 0.8831 0.9358 0.8605 0.7850 0.0401 
CAV Ialpha 0.8889 0.9392 0.9045 0.7876 0.0451 
CAV Ic 0.8789 0.9360 0.8976 0.7727 0.0461 
CAV PGA 0.9116 0.9502 0.9101 0.8837 0.0217 
CAV SMA 0.9051 0.9477 0.9008 0.8404 0.0271 
PGA CAV 0.8896 0.9359 0.9008 0.8095 0.0399 
PGA Ialpha 0.8818 0.9371 0.8984 0.7800 0.0466 




Table 4-10 Top 10 Vector IM Pairs for single block models with a shear stiffness of 
2.0 GPa, with maximum values bolded 
 
 Avg Max Med Min Std Dev 
CAV DSI T4 0.9262 0.9456 0.9278 0.9091 0.0113 
CAV DSI T5 0.9292 0.9417 0.9293 0.9152 0.0099 
CAV DSI T6 0.9283 0.9430 0.9292 0.9121 0.0098 
CAV DSI T7 0.9305 0.9450 0.9321 0.9167 0.0104 
CAV RSI T4 0.9238 0.9378 0.9236 0.9043 0.0110 
CAV RSI T6 0.9266 0.9386 0.9267 0.9160 0.0087 
CAV RSI T8 0.9274 0.9371 0.9273 0.9108 0.0117 
CAV VSI T6 0.9250 0.9451 0.9280 0.9083 0.0091 
SMA DSI T5 0.9238 0.9408 0.9285 0.9003 0.0137 








Table 4-11 Top 10 Vector IM Pairs for dual block models, with maximum values 
bolded 
 
 Avg Maximum  Median  Minim Std Dev 
CAV DSI T5 0.9156 0.9680 0.9247 0.8291 0.0340 
CAV DSI T6 0.9164 0.9500 0.9234 0.8476 0.0270 
CAV RSI T5 0.9129 0.9617 0.9226 0.8153 0.0322 
CAV RSI T6 0.9129 0.9617 0.9226 0.8153 0.0322 
EDA DSI T5 0.9130 0.9440 0.9238 0.8448 0.0260 
EDA DSI T6 0.9148 0.9460 0.9188 0.8687 0.0195 
PGA DSI T5 0.9153 0.9590 0.9197 0.8625 0.0282 
PGA DSI T6 0.9199 0.9480 0.9220 0.8818 0.0206 
SMA DSI T5 0.9161 0.9527 0.9213 0.8610 0.0288 
SMA DSI T6 0.9198 0.9478 0.9248 0.8875 0.0183 
 
Figure 4-6 shows the average AUCs and standard deviations for all scalar IMs 
and vector IM pairs. Overall, the vector ROC results showed significantly higher AUCs 
and lower standard deviations for all shapes and shear stiffnesses. Pairs of IMs that had 
both performed well in the scalar analysis, such as the cumulative absolute velocity and 
the response spectrum intensity, also performed well in the vector analysis, even if they 
were not the top performing pairs. Table 4-12 shows the overall top performing vector 
IMs, when considering all shapes and shear stiffnesses, based on the average AUC 
values. The IM pair with the highest average AUC for all models and all shear stiffnesses 
was SMA DSI T6 at 0.9118 and a standard deviation of 0.0360. However, the pair with 
the lowest standard deviation was PGA DSI T6 with an average AUC value of 0.9115 
and a standard deviation of 0.0358. Based on this, Table 4-13 shows the vector IM pairs 
with the lowest standard deviations across all shapes, to compare the performance of the 






Figure 4-6 Average AUCs for (a) scalar and (b) vector IMs, with standard deviation 
error bars and medians and 25th and 75th percentiles in red 
 
 
Table 4-12 Table of Top 10 Performing Vector IM Pairs for all shapes, based on 
average AUC values, with maximum values bolded 
 
 Avg Med Std Dev 
CAV DSI T4 0.9047 0.9178 0.0464 
CAV DSI T5 0.9092 0.9231 0.0430 
CAV DSI T6 0.9092 0.9234 0.0426 
CAV DSI T7 0.9069 0.9191 0.0447 
CAV RSI T6 0.9063 0.9202 0.0427 
EDA DSI T6 0.9055 0.9179 0.0403 
PGA DSI T5 0.9070 0.9197 0.0398 
PGA DSI T6 0.9115 0.9164 0.0358 
SMA DSI T5 0.9088 0.9215 0.0396 






Table 4-13 10 smallest standard deviation values for all shapes and shear stiffnesses, 
and their corresponding average and median values, with maximum values bolded. 
 
 Avg Med Std Dev 
CAV ASI T2 0.89555 0.89986 0.02825 
CAV ASI T3 0.89638 0.90172 0.02976 
CAV ASI T5 0.89500 0.89779 0.02872 
CAV ASI T6 0.89441 0.89838 0.02808 
CAV ASI T7 0.89664 0.90219 0.02752 
CAV ASI T8 0.89855 0.90205 0.02502 
CAV PGA 0.90357 0.90695 0.02409 
CAV SMA 0.90148 0.90591 0.02586 
SD ASI T5 0.76055 0.76316 0.02884 
SD ASI T6 0.76152 0.76595 0.02699 
 
 
Based on these results, the more robust and proficient general vector IM pair is 
SMA and DSI T6, as it has the largest average AUC value over all shapes. However, as 
outlined in Table 4-2, the displacement spectrum intensity (DSI) has low computability 
and SMA is not computable. Therefore, for this thesis, SMA DSI T6 will not be 
suggested. Additionally, ASI and RSI have moderate to low computability for all periods 
considered in this thesis, which makes pairs containing these IMs less than ideal for 
fragility analysis and seismic vulnerability assessment. The best performing RSI periods, 
T4 at 1.5 to 2.0 s, T5 at 2.0 to 2.5 s, and T6 at 2.5 to 3.0 s have low computability, while 
T7 at 1 to 2.5 seconds has moderate computability, although it did not perform as well in 
this analysis. Expanding the analysis to the top 10% performing IMs and considering 
computability, the most computable and robust IM pairs are shown in Table 4-14. 





Table 4-14 Top 10% Performing IMs for all shapes and shear stiffnesses 
 
 Average Median Standard 
Deviation 
CAV ASI T2 0.89474 0.89895 0.02936 
CAV ASI T3 0.89578 0.90144 0.03009 
CAV ASI T5 0.89485 0.89779 0.02872 
CAV ASI T6 0.89406 0.89837 0.02749 
CAV ASI T7 0.89645 0.90135 0.02799 
CAV ASI T8 0.89928 0.90584 0.02543 
CAV DSI T1 0.89688 0.90260 0.03239 
CAV DSI T2 0.89831 0.90642 0.03471 
CAV DSI T3 0.89937 0.91100 0.04428 
CAV DSI T4 0.90469 0.91778 0.04642 
CAV DSI T5 0.90925 0.92310 0.0430 
CAV DSI T6 0.90925 0.92338 0.04257 
CAV DSI T7 0.90693 0.91912 0.04471 
CAV DSI T8 0.90312 0.91633 0.04481 
CAV Ialpha 0.89834 0.90726 0.03342 
CAV PGA 0.90357 0.90695 0.02409 
CAV PP 0.89790 0.90984 0.05227 
CAV RSI T2 0.89706 0.90317 0.03505 
CAV RSI T3 0.89672 0.90946 0.04471 
CAV RSI T4 0.90349 0.91600 0.04164 
CAV RSI T5 0.90410 0.91590 0.04316 
CAV RSI T6 0.90626 0.92022 0.04272 
CAV RSI T7 0.90295 0.91301 0.04331 
CAV RSI T8 0.90389 0.91462 0.04115 
CAV SMA 00.90148 0.90591 0.02586 
CAV VSI T5 0.90249 0.91816 0.04236 
CAV VSI T6 00.90226 0.91594 0.04462 
CAV VSI T7 0.89802 0.90907 0.04420 
CAV VSI T8 0.89949 0.90753 0.04017 
EDA CAV 0.89468 0.90528 0.03843 
EDA DSI T4 0.89795 0.90701 0.04183 
EDA DSI T5 0.90333 0.91606 0.04124 
EDA DSI T6 0.90547 0.91790 0.04029 
EDA DSI T7 0.90375 0.91472 0.04203 
PGA CAV 0.89515 0.90066 0.03158 
PGA DSI T4 0.89590 0.90812 0.04389 
PGA DSI T5 0.90704 0.91967 0.03983 
PGA DSI T6 0.91152 0.91644 0.03581 
PGA DSI T7 0.90274 0.91509 0.04510 
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PGA RSI T6 0.89456 0.91276 0.04280 
SMA DSI T4 0.898661 0.91368 0.04582 
SMA DSI T5 0.90879 0.92151 0.03961 
SMA DSI T6 0.91185 0.92197 0.03596 
SMA DSI T7 0.90253 0.91623 0.04471 
PHV PHA DSI T5 0.89772 0.91266 0.04664 
PHV PHA DSI T6 0.90053 0.91516 0.04742 
PP DSI T5 0.89887 0.91587 0.04356 
PP DSI T6 0.90236 0.91575 0.04078 




Therefore, the most robust, proficient and computable vector IM pair, CAV PGA, 
has been selected. Although other computable vector IMs performed well, only CAV 
PGA proved to be robust for all the models considered. The results of CAV PGA’s ROC 
analysis for all shapes and shear stiffness considered are shown in Table 4-15 and Table 
4-16. Table 4-15 for the single block models and Table 4-16 for the dual block models. 
As shown, CAV PGA is a strong predictor for all models considered based on the 






























0.25 50 0.9085 
2 0.20 50 0.8990 
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2 Shape 1 Mode B 1.05 0.92121 
3 Shape 1 Mode 4 2.20 0.90695 
4 Shape 2 Mode 3 
0.20 0.50 
0.50 0.91664 
5 Shape 2 Mode B 1.24 0.91838 
6 Shape 2 Mode 4 2.45 0.88898 
7 Shape 3 Mode 3 
0.166 0.45 
0.88 0.91524 
8 Shape 3 Mode B 1.63 0.92044 
9 Shape 3 Mode 4 2.90 0.93422 




11 Shape 4 Mode B 1.00 0.88370 
12 Shape 4 Mode 4 3.65 0.93221 
13 Shape 5 Mode 3 
0.20 1.05 
0.10 0.86399 
14 Shape 5 Mode B 1.18 0.88026 
15 Shape 5 Mode 4 3.75 0.91351 
16 Shape 6 Mode 3 
0.166 0.90 
0.20 0.88123 
17 Shape 6 Mode B 1.54 0.92270 
18 Shape 6 Mode 4 4.35 0.92574 




20 Shape 6 Mode B 1.50 0.89731 
21 Shape 6 Mode 4 5.54 0.90861 
22 Shape 7 Mode 3 
0.20 1.95 
0.50 0.87445 
23 Shape 7 Mode B 1.25 0.90583 
24 Shape 7 Mode 4 5.75 0.90044 
25 Shape 8 Mode 3 
0.166 1.65 
0.10 0.84274 
26 Shape 8 Mode B 1.16 0.89284 





CHAPTER 5 - CASE STUDY 
Based on the results of Chapter 4, the combination of CAV and PGA are the 
suggested vector IMs for studying freestanding monuments, based on proficiency, 
robustness and computability. This chapter will focus on a specific monument, modeled 
in 3DEC, to demonstrate the use of the fragility methodology for existing monuments. 
The model considered in this case study was initially developed by Saifullah and 
Wittich (2021), which studied the real-world response of the modeled statue and its post-
ground motion position and the model’s numerical response and post-ground motion 
position. The goal was to determine the effects of various modeling parameters on the 
dynamic response, such as contact-stiffness, soil stiffness, ground-motion directionality 
and the initial position of the statue being modeled. To this end, the model was analyzed 
using a variety of material properties and modeling parameters to determine which 
combination of properties and parameters resulted in a response that was closest to the 
real-world response. The authors reported that a normal stiffness of 0.2 GPa below the 
pedestal and a shear stiffness of 2.0 GPa were required to replicate the complex observed 
overturning behavior. This chapter is intended to predict the response of this statue to 
future earthquakes using the fragility model developed in Chapter 4 to understand the 
generalization of the fragility model and demonstrate its applicability.     
5.1 Marian Statue Description and Model 
A Marian statue and pedestal in Napa, California was analyzed for this case study, 
due to its complex, freestanding block response to seismic activity. This statue, which 
belonged to the Justin-Siena High School, was overturned during the 2014 South Napa 
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Earthquake is shown in Figure 5-1 (Saifullah and Wittich 2021). The statue and pedestal 
were free to rock and overturn, since the statue was not attached to the pedestal and the 
pedestal was not restrained by the ground, which makes it similar to the dual block 
models analyzed in previous sections of this report. 
 
Figure 5-1: Justin-Siena High School statue (a) before earthquake and (b) after the 
2014 South Napa Earthquake (Saifullah and Wittich, 2020) 
 
 To analyze this system, Lidar scans were used to capture the geometry of the 
statue post-ground motion (Saifullah and Wittich 2021). This data was then used to create 
point clouds of the statue and pedestal surfaces which were filtered for surface noise 




Figure 5-2 Marian Statue, Napa, California 
 
The pedestal is 0.52 m deep, 0.62 m wide, and 0.61 m tall, made out of concrete 
with a hollowed-out cylinder in the center beneath the statue. The Marian statue is also 
hollowed-out concrete with a weight of approximately 295 kg and dimensions of 0.51 m 
deep and 0.5 m wide at the base, and 1.56 m tall (Saifullah and Wittich 2021). An 
additional rectangle was modeled to simulate the ground beneath the pedestal, which will 
allow the statue and pedestal to respond to a simulated ground motion as it would in an 
actual earthquake. The contacts between the pedestal and the ground and the pedestal and 
the statue were modeled using the same principles outlined in the previous sections and 
applied to the 3DEC models used in this study. Specifically, the shear and normal 
stiffnesses were both taken as 1 GPa, and the friction angle is 40°.  
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5.2 Ground Motion Description 
The statue described in Section 5.1 was subjected to a magnitude 6.0 (Mw = 6.0) 
earthquake on August 24, 2014 (Saifullah and Wittich 2021). This earthquake caused 
significant damage in the San Francisco Bay Area, mostly centered in and around Napa. 
Simultaneous ruptures along several fault segments in the West Napa Fault Zone, which 
is part of the San Andreas Fault Zone system (USGS 2015). At the time of this 
earthquake, there were 8 ground motion stations in Napa. For this case study, the 
recordings from the closest station were utilized. Napa Fire Station #3 (USGS National 
Strong Motion Project Station ID 1765) is located roughly 275 m from the location of the 
statue (Saifullah and Wittich 2021). The ground motion was analyzed by several ground 
motion recording systems, which determined it shows pulse-like near-fault behavior in 
the Napa Valley (Beyzaei et al. 2014). IMs were calculated for this ground motion using 
the same equations shown in Section 4.1. As seen in Figure 5-1, the Marian statue twisted 
and overturned during the earthquake, due to its asymmetry. Since the Napa 2014 was not 
unidirectional, the analysis provided here was performed for two directions of motion, 
east-west and north-south (Center for Engineering Strong Motion Data 2014).  
5.3 Fragility Analysis 
Fragility analysis was performed for the Marian statue based on the vector IM 
pair CAV and PGA using the methods described in previous sections. First, the Marian 
statue model described in Section 5.1 was analyzed in 3DEC and 120 historic ground 
motions scaled to 0.05g, 0.1g, 0.15g, 0.2g, 0.3g, 0.4g, 0.5g, 0.6g, 0.7g, 0.8g, 0.9g, and 
1.0g were applied. The goal of these models was to determine which ground motions this 
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statue survived and which ground motions caused overturning. Then, the vector ROC 
code as described in Section 4.3 was utilized to determine the CAV and PGA fragility 
family for this statue and the ROC curve outlining this relationship. The resulting ROC 
curve and fragility family are shown in Figure 5-3 and Figure 5-4. As shown in the ROC 
curve, the combination of PGA and CAV yields an AUC of 0.97203. This high value of 
AUC confirms that this intensity measure combination is satisfactory for this freestanding 
monument. 
 




Figure 5-4 CAV and PGA Fragility curve for Marian Statue for average PGAs of 
0.3485g, 0.449g, and 0.5865g 
 
 Once the fragility family was determined for the Marian statue, the CAV and 
PGA values for the 2014 Napa earthquake were found, using the equations outlined in 
Section 4.1.1. There equations are rewritten in Equation 5-1 and Equation 5-2. 
CAV = |a(t)|dt Equation 5-1 
PGA = max(a(t) Equation 5-2 
In the EW Napa ground motion recording, the PGA was 4.172 m/s2 and the CAV was 
11.2 m/s. The NS ground motion had a PGA of 4.028 m/s2 and the CAV was 10.9 m/s. 
Based on the PGA and CAV values and the fragility functions determined previously, the 
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probability of overturning for the Marian statue in the 2014 Napa earthquake was 20% 
for the EW direction and 19.7% for the NS direction. These probabilities are low, most 
likely due to the behavior of the statue in the earthquake and the assumptions made by 
this model. This model was created using a ground motion with only one direction and 
did not consider the vertical components of the ground motion. Saifullah and Wittich also 
noted that the ground at the site was relatively soft, with a normal stiffness modeled at 0.2 
GPa, while this model assumes a normal stiffness of 1.0 GPa (Saifullah and Wittich 
2021). Additionally, the statue twisted during the ground motion, as shown in Figure 5-1, 
whereas this thesis only considered overturning without twisting, which could account for 





CHAPTER 6 - CONCLUSIONS AND FUTURE WORK  
6.1 Conclusions 
The goal of this thesis was to develop a robust and efficient probabilistic 
relationship between the overturning behavior of freestanding structures and earthquake 
intensity measures (IM), to create fragilities and seismic hazard curves to assist in historic 
monument vulnerability and risk assessments. Three-dimensional Distinct Element 
Method was utilized to simulate the response of a wide range of freestanding structures to 
earthquakes, allowing them to respond in three-dimensional rocking, sliding, twisting, 
free flight, and overturning. These results were then utilized in scalar IM and vector IM 
analyses to determine the best probabilistic relationship for overturning.  
Many IMs outside the traditional peak ground acceleration (PGA) and peak 
horizontal velocity (PHV) were utilized in this thesis, to broaden the study and ensure 
that the sensitivity of the freestanding structures is fully captured in the IM analysis. 
Computability, proficiency and robustness were determined for all 67 intensity measures 
to ensure computational ease and damage parameter (over turning) consistency. A vector 
IM study was required due to the scalar IM analyses producing unsatisfactory 
relationships as a result of the particularly sensitive response of these structures. 
The Receiver Operator Characteristic analysis implemented in the vector IM 
study compared the fragility functions for one scalar IM to a range of values for a second 
IM to produce fragility families for each IM pair. The pairs of IMs utilized in the vector 
ROC analysis were chosen based on their scalar ROC performance. IMs that performed 
poorly in the scalar ROC, such as the characteristic length, were not included, as they had 
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been shown to be poor indicators of overturning.  This produced significantly more 
proficient and robust results, specifically when looking at the cumulative absolute 
velocity (CAV) and the peak ground acceleration (PGA).  
Finally, a case study was performed based on a statue located in Napa, California, 
which overturned in the 2014 Napa earthquake. This statue was modeled using the 3D 
Distinct Element Method (DEM) and the same historic ground motions utilized 
previously were applied. This allowed the vector IM analysis to be performed for the top 
performing IMs, to produce the fragility curves related to this statue. The CAV and PGA 
values of the Napa 2014 earthquake were compared to the fragility functions to determine 
if the model showed the statue overturning at those values. The results of this case study 
show that CAV and PGA can be used to create fragility functions and determine seismic 
vulnerability for freestanding structures.  
6.2 Future Work  
There are several areas of this thesis where future work can be completed. 
Expanding the models to include more asymmetric shapes and modeling asymmetry on 
different areas of the block would improve the results of the models for asymmetric 
blocks, although computing and modeling time was limited for this study. Additionally, 
research into the damping and friction of the models presented here and the 3D modeling 
software’s contact parameters would ensure that this thesis presented a reasonable model 
of real-life conditions. Further research into the IMs that performed well but are not 
currently computable could improve the robustness of these models, as several IMs, such 
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as SMA and DSI, performed better than CAV or PGA, but are not computable at this 
time and therefore are not suggested for this analysis.  
Based on the results of the case study, it can also be noted that investigating a 
range of normal stiffnesses, including vertical motion in the modeling process, and 
considering twisting and overturning in the analysis would be beneficial to the 
application of these findings. Many areas have particularly soft or particularly hard 
ground, which will affect the behavior of a statue or monument located there. 
Additionally, these models considered ground motions acting in one direction, and did 
not consider vertical motion, which, in some cases, may be a significant cause of 
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APPENDIX A – GROUND MOTIONS 






















































Christchurch 21-02-2011 6.2 
PRPCS 
REHSN02E 
Chuetsu 16-07-2007 6.6 65010EW 
Coyote Lake 6/8/1979 5.7 
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Loma Prieta 17-10-1989 6.9 
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Tabas 16-09-1978 7.3 TAB-L1 
Tottori 6/10/2000 6.8 TTR008EW 











APPENDIX B - INTENSITY MEASURE HISTOGRAMS  
 
 





Figure B-1.b Histogram of ASI Values for T7 – T8 for all ground motions 
considered 
 




Figure B-2.b Histogram of DSI Values for T6-T8 for all ground motions considered
 
















Figure B-4.b Histogram for EPV T7-T8 for all ground motions considered 
 




Figure B-5.b Histogram for Lc T5 – T8 for all ground motions considered 
 













Figure B-7.b Histogram for VSI T4-T8 for all ground motions considered 
 
Figure B-8 Histograms for Characteristic Intensity (Ic) and Arias Intensity (Ialpha) 




Figure B-9 Histograms for Peak Ground Acceleration (PGA) and PGA/PHV for all 
ground motions  
 




APPENDIX C - SCALAR INTENSITY MEASURE ROC 
CURVES 
C.1 Shear Stiffness 0.5 Scalar ROC Curves  
 
   (a)      (b) 
 
   (c)      (d) 
Figure C-1.a ROC Curves for ASI T1 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 






   (a)      (b) 
 
   (c)      (d) 
Figure C-1.b Fragility and overturning for ASI T1 for a) 4.5 m tall, 0.2 aspect ratio, 






   (a)      (b) 
 
   (c)      (d) 
Figure C-2.a ROC Curves for CAV for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 







   (a)      (b) 
 
   (c)      (d) 
Figure C-2.b Fragility and overturning for CAV for a) 4.5 m tall, 0.2 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure C-3.a ROC Curves for DSI T7 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 






   (a)      (b) 
 
   (c)      (d) 
Figure C-3.b Fragility and overturning for DSI T7 for a) 4.5 m tall, 0.2 aspect ratio, 






   (a)      (b) 
 
   (c)      (d) 
Figure C-4.a ROC Curves for Ic for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 0.20 





   (a)      (b) 
 
   (c)      (d) 
Figure C-4.b Fragility and overturning for Ic for a) 4.5 m tall, 0.2 aspect ratio, b) 4.5 






   (a)      (b) 
 
   (c)      (d) 
Figure C-5.a ROC Curves for PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 






   (a)      (b) 
 
   (c)      (d) 
Figure C-5.b Fragility and overturning for PGA for a) 4.5 m tall, 0.2 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure C-6.a ROC Curves for RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 






   (a)      (b)  
 
   (c)      (d) 
Figure C-6.b Fragility and overturning for RSI T6 for a) 4.5 m tall, 0.2 aspect ratio, 













   (c)      (d) 
Figure C-7.a ROC Curves for ASI T1 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 
tall, 0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry 





   (a)      (b) 
 
   (c)      (d) 
Figure C-7.b ROC Curves for ASI T1 for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m 







   (a)      (b) 
Figure C-7.c ROC Curves for ASI T1 for a) 9 m tall, 0.166 aspect ratio, and b) 9 m 














   (c)      (d) 
Figure C-8.a ROC Curves for CAV for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 
0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry and 





   (a)      (b) 
 
   (c)      (d) 
Figure C-8.b ROC Curves for CAV for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m tall, 







   (a)      (b) 
Figure C-8.c ROC Curves for CAV for a) 9 m tall, 0.166 aspect ratio, and b) 9 m 














   (c)      (d) 
Figure C-9.a ROC Curves for DSI T7 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 
tall, 0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry 





   (a)      (b) 
 
   (c)      (d) 
Figure C-9.b ROC Curves for DSI T7 for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m 







   (a)      (b) 
Figure C-9.c ROC Curves for DSI T7 for a) 9 m tall, 0.166 aspect ratio, and b) 9 m 














   (c)      (d) 
Figure C-10.a ROC Curves for Ic for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 
0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry and 





   (a)      (b) 
 
   (c)      (d) 
Figure C-10.b ROC Curves for Ic for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m tall, 






   (a)      (b) 
Figure C-10.c ROC Curves for Ic for a) 9 m tall, 0.166 aspect ratio, and b) 9 m tall, 














   (c)      (d) 
Figure C-11.a ROC Curves for PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 
0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry and 





   (a)      (b) 
 
   (c)      (d) 
Figure C-11.b ROC Curves for PGA for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m 







   (a)      (b) 
Figure C-11.c ROC Curves for PGA for a) 9 m tall, 0.166 aspect ratio, and b) 9 m 














   (c)      (d) 
Figure C-12.a ROC Curves for RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 
tall, 0.25 aspect ratio, 0.6 asymmetry c) 1.8 m tall, 0.25 aspect ratio, 0.7 asymmetry 





   (a)      (b) 
 
   (c)      (d) 
Figure C-12.b ROC Curves for RSI T6 for a) 1.5 m tall, 0.166 aspect ratio, b) 4.5 m 







   (a)      (b) 
Figure C-12.c ROC Curves for RSI T6 for a) 9 m tall, 0.166 aspect ratio, and b) 9 m 




C.3 Shear Stiffness 2.0 Scalar ROC Curves  
 
   (a)      (b) 
 
   (c)      (d) 
Figure C-13.a ROC Curves for ASI T1 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 









   (a)      (b) 
 
   (c)      (d) 
Figure C-13.b ROC Curves for ASI T1 for a) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m 







   (a)      (b) 
 
   (c)      (d) 
Figure C-14.a ROC Curves for CAV for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 









   (a)      (b) 
 
   (c)      (d) 
Figure C-14.b ROC Curves for CAV for a) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m tall, 










   (a)      (b) 
 
   (c)      (d) 
Figure C-15.a ROC Curves for DSI T7 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 









   (a)      (b) 
 
   (c)      (d) 
Figure C-15.b ROC Curves for DSI T7 for a) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m 











   (a)      (b) 
 
   (c)      (d) 
Figure C-16.a ROC Curves for Ic for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 









   (a)      (b) 
 
   (c)      (d) 
Figure C-16.b ROC Curves for Ic fora) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m tall, 










   (a)      (b) 
 
   (c)      (d) 
Figure C-17.a ROC Curves for PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m tall, 









   (a)      (b) 
 
   (c)      (d) 
Figure C-17.b ROC Curves for PGA for a) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m tall, 










   (a)      (b) 
 
   (c)      (d) 
Figure C-18.a ROC Curves for RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 1.8 m 









   (a)      (b) 
 
   (c)      (d) 
Figure C-18.b ROC Curves for RSI T6 for a) 4.5 m tall, 0.20 aspect ratio, b) 4.5 m 









C.4 Dual Block ROC Curves  
 
Figure C-19.a ROC Curves for ASI T1 for a) 1.8 m tall, 0.25 aspect ratio, Mode 3 b) 





Figure C-19.b ROC Curves for ASI T1 for a) 1.8 m tall, 0.20 aspect ratio, Mode 3 b) 





Figure C-19.c ROC Curves for ASI T1 for a) 1.8 m tall, 0.166 aspect ratio, Mode 3 




Figure C-19.d ROC Curves for ASI T1 for a) 4.5 m tall, 0.25 aspect ratio, Mode 3 b) 




Figure C-19.e ROC Curves for ASI T1 for a) 4.5 m tall, 0.20 aspect ratio, Mode 3 b) 




Figure C-19.f ROC Curves for ASI T1 for a) 4.5 m tall, 0.166 aspect ratio, Mode 3 b) 




Figure C-19.g ROC Curves for ASI T1 for a) 9 m tall, 0.25 aspect ratio, Mode 3 b) 9 




Figure C-19.h ROC Curves for ASI T1 for a) 9 m tall, 0.20 aspect ratio, Mode 3 b) 




Figure C-19.i ROC Curves for ASI T1 for a) 9 m tall, 0.166 aspect ratio, Mode 3 b) 





Figure C-20.a ROC Curves for ASI T1 for a) 1.8 m tall, 0.25 aspect ratio, Mode 3 b) 





Figure C-20.b ROC Curves for CAV for a) 1.8 m tall, 0.20 aspect ratio, Mode 3 b) 





Figure C-20.c ROC Curves for CAV for a) 1.8 m tall, 0.166 aspect ratio, Mode 3 b) 





Figure C-20.d ROC Curves for CAV for a) 4.5 m tall, 0.25 aspect ratio, Mode 3 b) 





Figure C-20.e ROC Curves for CAV for a) 4.5 m tall, 0.20 aspect ratio, Mode 3 b) 





Figure C-20.f ROC Curves for CAV for a) 4.5 m tall, 0.166 aspect ratio, Mode 3 b) 




Figure C-20.g ROC Curves for CAV for a) 9 m tall, 0.25 aspect ratio, Mode 3 b) 9 m 





Figure C-20.h ROC Curves for CAV for a) 9 m tall, 0.20 aspect ratio, Mode 3 b) 9 m 





Figure C-20.i ROC Curves for CAV for a) 9 m tall, 0.166 aspect ratio, Mode 3 b) 9 





Figure C-21.a ROC Curves for DSI T7 for a) 1.8 m tall, 0.25 aspect ratio, Mode 3 b) 





Figure C-21.b ROC Curves for DSI T7 for a) 1.8 m tall, 0.20 aspect ratio, Mode 3 b) 




Figure C-21.c ROC Curves for DSI T7 for a) 1.8 m tall, 0.166 aspect ratio, Mode 3 




Figure C-21.d ROC Curves for DSI T7 for a) 4.5 m tall, 0.25 aspect ratio, Mode 3 b) 




Figure C-21.e ROC Curves for DSI T7 for a) 4.5 m tall, 0.20 aspect ratio, Mode 3 b) 




Figure C-21.f ROC Curves for DSI T7 for a) 4.5 m tall, 0.166 aspect ratio, Mode 3 b) 




Figure C-21.g ROC Curves for DSI T7 for a) 9 m tall, 0.25 aspect ratio, Mode 3 b) 9 





Figure C-21.h ROC Curves for DSI T7 for a) 9 m tall, 0.20 aspect ratio, Mode 3 b) 9 




Figure C-21.i ROC Curves for DSI T7 for a) 9 m tall, 0.166 aspect ratio, Mode 3 b) 9 
m tall, 0.166 aspect ratio, Mode B c) 9 m tall, 0.166 aspect ratio, Mode 4 
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APPENDIX D- VECTOR INTENSITY MEASURES ROC 
CURVES 
D.1 Shear Stiffness 0.5 Vector ROC Curves  
 
   (a)      (b) 
 
   (c)      (d) 
Figure D-1.a ROC Curves for CAV and PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure D-1.b Fragility and overturning for CAV and PGA for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 











   (a)      (b) 
 
   (c)      (d) 
Figure D-2.a ROC Curves for PGA and DSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure D-2.b Fragility and overturning for PGA and DSI T6 for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 






   (a)      (b) 
 
   (c)      (d) 
Figure D-3.a ROC Curves for CAV and RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure D-3.b Fragility and overturning for CAV and RSI T6 for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 









D.2 Shear Stiffness 1.0 Vector ROC Curves  
 
   (a)      (b) 
 
   (c)      (d) 
Figure D-4.a ROC Curves for CAV and PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 









   (a)      (b) 
 
   (c)      (d) 
Figure D-4.b Fragility and overturning for CAV and PGA for a) 4.5 m tall, 0.25 
aspect ratio and asymmetry 0.6, b) 4.5 m tall, 0.25 aspect ratio and asymmetry 0.7, 





   (a)      (b) 
Figure D-4.c Fragility and overturning for CAV and PGA for a) 9 m tall, 0.166 
aspect ratio and b) 9 m tall, 0.125 aspect ratio 
 
 
   (a)      (b) 
Figure D-5.a ROC Curves for PGA and DSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 





   (a)      (b) 
 
   (c)      (d) 
Figure D-5.b ROC Curves for CAV and PGA for a) 1.8 m tall, 0.166 aspect ratio, b) 
4.5 m tall, 0.25 aspect ratio, c) 4.5 m tall, 0.25 aspect ratio, 0.6 asymmetry, d) 4.5 m 





   (a)      (b) 
 
   (c)      (d) 
Figure D-5.c Fragility and overturning for PGA and DSI T6 for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 





   (a)      (b) 
 
   (c)      (d) 
Figure D-6.a ROC Curves for CAV and RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure D-6.b Fragility and overturning for CAV and RSI T6 for a) 4.5 m tall, 0.25 
aspect ratio and asymmetry 0.6, b) 4.5 m tall, 0.25 aspect ratio and asymmetry 0.7, 





   (a)      (b) 
Figure D-6.c Fragility and overturning for CAV and RSI T6 for a) 9 m tall, 0.166 

















D.3 Shear Stiffness 2.0 Vector ROC Curves  
 
   (a)      (b) 
 
   (c)      (d) 
Figure D-7.a ROC Curves for CAV and PGA for a) 1.8 m tall, 0.25 aspect ratio, b) 






   (a)      (b) 
 
   (c)      (d) 
Figure D-7.b Fragility and overturning for CAV and PGA for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 








   (a)      (b) 
 
   (c)      (d) 
Figure D-8.a ROC Curves for PGA and DSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 







   (a)      (b) 
 
   (c)      (d) 
Figure D-8.b Fragility and overturning for PGA and DSI T6 for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 






   (a)      (b) 
 
   (c)      (d) 
Figure D-9.a ROC Curves for CAV and RSI T6 for a) 1.8 m tall, 0.25 aspect ratio, b) 







   (a)      (b) 
 
   (c)      (d) 
Figure D-9.b Fragility and overturning for CAV and RSI T6 for a) 4.5 m tall, 0.2 
aspect ratio, b) 4.5 m tall, 0.166 aspect ratio, c) 9 m tall, 0.166 aspect ratio and d) 9 









D.4 Dual Block Vector ROC Curves 
 
Figure D-10.a ROC Curves for CAV -PGA for a) 1.8 m tall, 0.25 aspect ratio, Mode 




Figure D-10.b ROC Curves for CAV-PGA for a) 1.8 m tall, 0.20 aspect ratio, Mode 





Figure D-10.c ROC Curves for CAV-PGA for a) 1.8 m tall, 0.166 aspect ratio, Mode 





Figure D-10.d ROC Curves for CAV-PGA for a) 4.5 m tall, 0.25 aspect ratio, Mode 





Figure D-10.e ROC Curves for CAV-PGA for a) 4.5 m tall, 0.20 aspect ratio, Mode 3 





Figure D-10.f ROC Curves for CAV-PGA for a) 4.5 m tall, 0.166 aspect ratio, Mode 





Figure D-10.g ROC Curves for CAV-PGA for a) 9 m tall, 0.25 aspect ratio, Mode 3 




Figure D-10.h ROC Curves for CAV-PGA for a) 9 m tall, 0.20 aspect ratio, Mode 3 





Figure D-10.i ROC Curves for CAV-PGA for a) 9 m tall, 0.166 aspect ratio, Mode 3 





Figure D-11.a ROC Curves for PGA DSI T6 for a) 1.8 m tall, 0.25 aspect ratio, 






Figure D-11.b ROC Curves for PGA DSI T6 for a) 1.8 m tall, 0.20 aspect ratio, 





Figure D-11.c ROC Curves for PGA DSI T6 for a) 1.8 m tall, 0.166 aspect ratio, 






Figure D-11.d ROC Curves for PGA DSI T6 for a) 4.5 m tall, 0.25 aspect ratio, 





Figure D-11.e ROC Curves for PGA DSI T6 for a) 4.5 m tall, 0.20 aspect ratio, 






Figure D-11.f ROC Curves for PGA DSI T6 for a) 4.5 m tall, 0.166 aspect ratio, 





Figure D-11.g ROC Curves for PGA DSI T6 for a) 9 m tall, 0.25 aspect ratio, Mode 





Figure D-11.h ROC Curves for PGA DSI T6 for a) 9 m tall, 0.20 aspect ratio, Mode 





Figure D-11.i ROC Curves for PGA DSI T6 for a) 9 m tall, 0.166 aspect ratio, Mode 




Figure D-12.a ROC Curves for CAV -RSIT6 for a) 1.8 m tall, 0.25 aspect ratio, 






Figure D-12.b ROC Curves for CAV -RSIT6 for a) 1.8 m tall, 0.20 aspect ratio, 






Figure D-12.c ROC Curves for CAV -RSIT6 for a) 1.8 m tall, 0.166 aspect ratio, 





Figure D-12.d ROC Curves for CAV -RSIT6 for a) 4.5 m tall, 0.25 aspect ratio, 






Figure D-12.e ROC Curves for CAV -RSIT6 for a) 4.5 m tall, 0.20 aspect ratio, 






Figure D-12.f ROC Curves for CAV -RSIT6 for a) 4.5 m tall, 0.166 aspect ratio, 






Figure D-12.g ROC Curves for CAV -RSIT6 for a) 9 m tall, 0.25 aspect ratio, Mode 





Figure D-12.h ROC Curves for CAV -RSIT6 for a) 9 m tall, 0.20 aspect ratio, Mode 





Figure D-12.i ROC Curves for CAV -RSIT6 for a) 9 m tall, 0.166 aspect ratio, Mode 




APPENDIX E - SCALAR INTENSITY MEASURE AUC 
VALUES 
Table E-1: AUC Values for Scalar IMs at Shear Stiffness 0.5 GPa, including the 
average, maximum, median and standard deviation over all shapes considered  
 
 Average Maximum Median 
Standard 
Deviation  
ASI T1 0.7305 0.7848 0.7505 0.0470 
ASI T2 0.7581 0.8240 0.7722 0.0506 
ASI T3 0.7783 0.8379 0.7888 0.0427 
ASI T4 0.7805 0.8366 0.7975 0.0431 
ASI T5 0.7804 0.8339 0.7923 0.0425 
ASI T6 0.7815 0.8404 0.7972 0.0442 
ASI T7 0.7823 0.8440 0.7985 0.0467 
ASI T8 0.7724 0.8300 0.7899 0.0452 
CAV 0.9109 0.9358 0.9290 0.0307 
DSI T1 0.8133 0.8756 0.8115 0.0467 
DSI T2 0.8550 0.9331 0.8586 0.0560 
DSI T3 0.8894 0.9485 0.8944 0.0473 
DSI T4 0.9136 0.9577 0.9157 0.0366 
DSI T5 0.9261 0.9501 0.9411 0.0276 
DSI T6 0.9303 0.9547 0.9412 0.0245 
DSI T7 0.9180 0.9570 0.9260 0.0385 
DSI T8 0.9011 0.9327 0.9043 0.0245 
EDA 0.5863 0.6856 0.5926 0.0684 
EPA T1 0.7253 0.7796 0.7412 0.0453 
EPA T2 0.7605 0.8352 0.7749 0.0534 
EPA T3 0.7862 0.8439 0.7965 0.0482 
EPA T4 0.7878 0.8464 0.7991 0.0438 
EPA T5 0.7924 0.8638 0.7999 0.0503 
EPA T6 0.7902 0.8549 0.8063 0.0463 
EPA T7 0.7922 0.8581 0.8040 0.0467 
EPA T8 0.7793 0.8495 0.7901 0.0499 
EPV T1 0.7273 0.7840 0.7498 0.0494 
EPV T2 0.7628 0.8244 0.7724 0.0529 
EPV T3 0.7891 0.8557 0.7977 0.0491 
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EPV T4 0.7868 0.8474 0.7981 0.0452 
EPV T5 0.7885 0.8460 0.8030 0.0445 
EPV T6 0.7885 0.8409 0.8020 0.0431 
EPV T7 0.7897 0.8563 0.8002 0.0469 
EPV T8 0.7820 0.8411 0.7936 0.0505 
I alpha 0.8849 0.9390 0.8936 0.0417 
Ic 0.8173 0.8897 0.8196 0.0502 
Lc T1 0.4886 0.5052 0.4878 0.0121 
Lc T2 0.4933 0.5097 0.4943 0.0099 
Lc T3 0.4912 0.5087 0.4886 0.0106 
Lc T4 0.4927 0.5025 0.4918 0.0067 
Lc T5 0.4890 0.5071 0.4850 0.0108 
Lc T6 0.4922 0.5184 0.4886 0.0143 
Lc T7 0.4899 0.5060 0.4889 0.0100 
Lc T8 0.4933 0.5062 0.4942 0.0097 
PGA 0.7905 0.8758 0.7862 0.0547 
PGA/PHV 0.5611 0.5991 0.5506 0.0242 
PHV/PHA 0.5884 0.6645 0.5711 0.0385 
PP 0.6558 0.7404 0.6641 0.0570 
RMS 0.7063 0.7685 0.7084 0.0559 
RSI T1 0.7693 0.8226 0.7917 0.0480 
RSI T2 0.8180 0.8904 0.8145 0.0537 
RSI T3 0.8641 0.9194 0.8667 0.0431 
RSI T4 0.8864 0.9315 0.8911 0.0340 
RSI T5 0.9016 0.9254 0.9046 0.0214 
RSI T6 0.9072 0.9325 0.9127 0.0174 
RSI T7 0.8881 0.9303 0.8942 0.0322 
RSI T8 0.8899 0.9357 0.8947 0.0341 
SD 0.6761 0.7263 0.6965 0.0409 
SMA 0.8020 0.8806 0.7951 0.0521 
VSI T1 0.7428 0.7927 0.7609 0.0480 
VSI T2 0.7999 0.8815 0.7974 0.0562 
VSI T3 0.8419 0.9123 0.8414 0.0487 
VSI T4 0.8641 0.9084 0.8695 0.0395 
VSI T5 0.8863 0.9285 0.8924 0.0307 
VSI T6 0.8982 0.9260 0.8995 0.0216 
VSI T7 0.8726 0.9298 0.8791 0.0392 
VSI T8 0.8737 0.9232 0.8799 0.0373 
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Table E-2: AUC Values for Scalar IMs at Shear Stiffness 1.0 GPa, including the 
average, maximum, median and standard deviation over all shapes considered  
 
 Average Maximum Median 
Standard 
Deviation  
ASI T1 0.7265 0.8362 0.7190 0.0900 
ASI T2 0.7450 0.8472 0.7531 0.0861 
ASI T3 0.7544 0.8723 0.7576 0.0891 
ASI T4 0.7559 0.8585 0.7593 0.0843 
ASI T5 0.7575 0.8628 0.7675 0.0826 
ASI T6 0.7579 0.8580 0.7734 0.0822 
ASI T7 0.7579 0.8683 0.7649 0.0876 
ASI T8 0.7533 0.8653 0.7568 0.0907 
CAV 0.8384 0.9349 0.9014 0.0975 
DSI T1 0.7799 0.8809 0.7860 0.0873 
DSI T2 0.8058 0.9389 0.8269 0.0944 
DSI T3 0.8192 0.9519 0.8571 0.0943 
DSI T4 0.8262 0.9373 0.8850 0.0949 
DSI T5 0.8279 0.9370 0.9076 0.1101 
DSI T6 0.8269 0.9393 0.9088 0.1126 
DSI T7 0.8288 0.9451 0.8912 0.0992 
DSI T8 0.8072 0.9269 0.8745 0.1059 
EDA 0.5972 0.7293 0.5722 0.0923 
EPA T1 0.7245 0.8361 0.7142 0.0923 
EPA T2 0.7499 0.8530 0.7529 0.0890 
EPA T3 0.7612 0.8882 0.7638 0.0895 
EPA T4 0.7597 0.8638 0.7661 0.0862 
EPA T5 0.7624 0.8754 0.7756 0.0876 
EPA T6 0.7586 0.8642 0.7724 0.0846 
EPA T7 0.7633 0.8786 0.7735 0.0849 
EPA T8 0.7545 0.8645 0.7584 0.0884 
EPV T1 0.7274 0.8300 0.7207 0.0900 
EPV T2 0.7498 0.8582 0.7508 0.0897 
EPV T3 0.7631 0.8885 0.7664 0.0865 
EPV T4 0.7610 0.8760 0.7642 0.0882 
EPV T5 0.7605 0.8764 0.7764 0.0863 
EPV T6 0.7636 0.8689 0.7740 0.0831 
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EPV T7 0.7621 0.8741 0.7678 0.0849 
EPV T8 0.7548 0.8713 0.7565 0.0854 
I alpha 0.8285 0.9221 0.8694 0.0768 
Ic 0.7902 0.9124 0.7998 0.0908 
Lc T1 0.5228 0.6343 0.4937 0.0491 
Lc T2 0.5250 0.6321 0.4955 0.0525 
Lc T3 0.5179 0.6509 0.4961 0.0573 
Lc T4 0.5268 0.6484 0.5020 0.0538 
Lc T5 0.5203 0.6357 0.4925 0.0546 
Lc T6 0.5233 0.6392 0.4868 0.0529 
Lc T7 0.5264 0.6444 0.4935 0.0525 
Lc T8 0.5163 0.6396 0.4931 0.0537 
PGA 0.7708 0.8740 0.7717 0.0865 
PGA/PHV 0.5613 0.6148 0.5544 0.0293 
PHV/PHA 0.5884 0.6728 0.5679 0.0384 
PP 0.6376 0.6996 0.6532 0.0431 
RMS 0.6379 0.7977 0.6328 0.0917 
RSI T1 0.7420 0.8486 0.7479 0.0801 
RSI T2 0.7803 0.8989 0.7950 0.0855 
RSI T3 0.7936 0.9255 0.8242 0.0909 
RSI T4 0.8024 0.9177 0.8510 0.0923 
RSI T5 0.8104 0.9184 0.8763 0.1051 
RSI T6 0.8139 0.9108 0.8841 0.1054 
RSI T7 0.8028 0.9304 0.8586 0.1012 
RSI T8 0.7928 0.9222 0.8643 0.1164 
SD 0.6158 0.7044 0.5973 0.0457 
SMA 0.7791 0.8947 0.7778 0.0875 
VSI T1 0.7222 0.8349 0.7216 0.0866 
VSI T2 0.7636 0.8851 0.7695 0.0898 
VSI T3 0.7825 0.9182 0.8064 0.0922 
VSI T4 0.7921 0.9128 0.8281 0.0911 
VSI T5 0.8033 0.9304 0.8640 0.1006 
VSI T6 0.8063 0.9204 0.8756 0.1057 
VSI T7 0.7971 0.9275 0.8398 0.0957 





Table E-3: AUC Values for Scalar IMs at Shear Stiffness 2.0 GPa, including the 
average, maximum, median and standard deviation over all shapes considered  
 
 Average Maximum Median 
Standard 
Deviation  
ASI T1 0.7782 0.8619 0.7800 0.0568 
ASI T2 0.8159 0.8829 0.8202 0.0548 
ASI T3 0.8252 0.8841 0.8263 0.0466 
ASI T4 0.8223 0.8874 0.8263 0.0538 
ASI T5 0.8214 0.8869 0.8242 0.0486 
ASI T6 0.8212 0.8842 0.8203 0.0510 
ASI T7 0.8282 0.8967 0.8295 0.0490 
ASI T8 0.8210 0.8906 0.8218 0.0526 
CAV 0.9224 0.9487 0.9276 0.0190 
DSI T1 0.8617 0.9133 0.8657 0.0398 
DSI T2 0.8945 0.9489 0.8940 0.0419 
DSI T3 0.9119 0.9497 0.9204 0.0279 
DSI T4 0.9222 0.9413 0.9289 0.0177 
DSI T5 0.9292 0.9457 0.9328 0.0160 
DSI T6 0.9275 0.9549 0.9249 0.0148 
DSI T7 0.9283 0.9466 0.9355 0.0176 
DSI T8 0.9078 0.9387 0.9163 0.0241 
EDA 0.5059 0.5556 0.4971 0.0287 
EPA T1 0.7802 0.8558 0.7854 0.0545 
EPA T2 0.8132 0.8797 0.8132 0.0521 
EPA T3 0.8354 0.8924 0.8422 0.0483 
EPA T4 0.8314 0.8925 0.8377 0.0480 
EPA T5 0.8309 0.8934 0.8384 0.0490 
EPA T6 0.8320 0.8897 0.8352 0.0471 
EPA T7 0.8358 0.8930 0.8399 0.0488 
EPA T8 0.8244 0.8872 0.8280 0.0512 
EPV T1 0.7799 0.8575 0.7834 0.0558 
EPV T2 0.8199 0.8907 0.8207 0.0599 
EPV T3 0.8355 0.9033 0.8361 0.0510 
EPV T4 0.8282 0.8886 0.8331 0.0502 
EPV T5 0.8292 0.8980 0.8341 0.0470 
EPV T6 0.8306 0.8905 0.8353 0.0509 
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EPV T7 0.8363 0.8940 0.8394 0.0500 
EPV T8 0.8263 0.8925 0.8303 0.0510 
I alpha 0.9071 0.9399 0.9120 0.0251 
Ic 0.8709 0.9198 0.8659 0.0391 
Lc T1 0.5088 0.5388 0.5068 0.0164 
Lc T2 0.5046 0.5295 0.5064 0.0150 
Lc T3 0.5068 0.5389 0.5095 0.0208 
Lc T4 0.5079 0.5270 0.5022 0.0147 
Lc T5 0.5028 0.5314 0.4998 0.0155 
Lc T6 0.5023 0.5364 0.5006 0.0191 
Lc T7 0.4999 0.5277 0.4984 0.0136 
Lc T8 0.5064 0.5327 0.5003 0.0164 
PGA 0.8409 0.9070 0.8365 0.0495 
PGA/PHV 0.5410 0.5624 0.5420 0.0146 
PHV/PHA 0.6239 0.7642 0.5813 0.0745 
PP 0.5906 0.6397 0.5933 0.0384 
RMS 0.7346 0.7937 0.7659 0.0621 
RSI T1 0.8173 0.8884 0.8242 0.0497 
RSI T2 0.8573 0.9089 0.8624 0.0438 
RSI T3 0.8859 0.9356 0.8938 0.0370 
RSI T4 0.8958 0.9214 0.9097 0.0249 
RSI T5 0.9046 0.9287 0.9144 0.0207 
RSI T6 0.9038 0.9353 0.9089 0.0195 
RSI T7 0.9011 0.9352 0.9119 0.0269 
RSI T8 0.9031 0.9370 0.9102 0.0283 
SD 0.6891 0.7541 0.7048 0.0578 
SMA 0.6696 0.7419 0.6890 0.0640 
VSI T1 0.7949 0.8637 0.8001 0.0539 
VSI T2 0.8454 0.9168 0.8497 0.0517 
VSI T3 0.8756 0.9288 0.8779 0.0384 
VSI T4 0.8886 0.9321 0.8937 0.0346 
VSI T5 0.7665 0.8049 0.7911 0.0445 
VSI T6 0.7762 0.8199 0.7928 0.0438 
VSI T7 0.7595 0.8023 0.7798 0.0448 





Table E-4: AUC Values for Scalar IMs and dual block models, including the 
average, maximum, median and standard deviation over all shapes considered  
 Average Maximum  Median 
Standard 
Devation  
ASI T1 0.7140 0.8846 0.7327 0.0843 
ASI T2 0.7489 0.9325 0.7567 0.0850 
ASI T3 0.7711 0.9334 0.7716 0.0783 
ASI T4 0.7694 0.9365 0.7801 0.0779 
ASI T5 0.7674 0.9325 0.7810 0.0781 
ASI T6 0.7684 0.9202 0.7730 0.0759 
ASI T7 0.7707 0.9265 0.7848 0.0786 
ASI T8 0.7624 0.9274 0.7780 0.0800 
CAV 0.9011 0.9607 0.9107 0.0391 
DSI T1 0.8048 0.9245 0.8044 0.0721 
DSI T2 0.8516 0.9773 0.8364 0.0774 
DSI T3 0.8868 0.9814 0.8944 0.0633 
DSI T4 0.9069 0.9813 0.9184 0.0495 
DSI T5 0.9181 0.9745 0.9308 0.0375 
DSI T6 0.9226 0.9658 0.9326 0.0281 
DSI T7 0.9134 0.9821 0.9263 0.0475 
DSI T8 0.8884 0.9657 0.9025 0.0482 
EDA 0.5886 0.7394 0.5773 0.0741 
EPA T1 0.7152 0.8880 0.7331 0.0845 
EPA T2 0.7517 0.9276 0.7663 0.0862 
EPA T3 0.7810 0.9396 0.7814 0.0809 
EPA T4 0.7765 0.9314 0.7860 0.0758 
EPA T5 0.7780 0.9184 0.7870 0.0725 
EPA T6 0.7810 0.9465 0.7885 0.0743 
EPA T7 0.7807 0.9530 0.7906 0.0789 
EPA T8 0.7685 0.9310 0.7826 0.0789 
EPV T1 0.7144 0.8797 0.7342 0.0847 
EPV T2 0.7520 0.9263 0.7638 0.0843 
EPV T3 0.6182 0.8506 0.6370 0.0979 
EPV T4 0.7781 0.9492 0.7784 0.0798 
EPV T5 0.7762 0.9338 0.7897 0.0763 
EPV T6 0.7782 0.9239 0.7881 0.0744 
EPV T7 0.7808 0.9368 0.7812 0.0772 
EPV T8 0.5927 0.7162 0.6003 0.0798 
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I alpha 0.8798 0.9631 0.8837 0.0520 
Ic 0.8185 0.9646 0.8237 0.0768 
Lc T1 0.4988 0.5327 0.4997 0.0201 
Lc T2 0.4986 0.5321 0.4943 0.0180 
Lc T3 0.4997 0.5439 0.4918 0.0200 
Lc T4 0.4988 0.5383 0.4934 0.0181 
Lc T5 0.4948 0.5370 0.4916 0.0215 
Lc T6 0.4951 0.5282 0.4907 0.0206 
Lc T7 0.4971 0.5376 0.4914 0.0201 
Lc T8 0.4948 0.5370 0.4916 0.0215 
PGA 0.7843 0.9399 0.7874 0.0806 
PGA/PHV 0.5534 0.6162 0.5535 0.0194 
PHV/PHA 0.5926 0.7375 0.5766 0.0489 
PP 0.6337 0.7287 0.6462 0.0518 
RMS 0.6739 0.9044 0.6981 0.1343 
RSI T1 0.7549 0.9135 0.7754 0.0785 
RSI T2 0.8102 0.9744 0.8027 0.0811 
RSI T3 0.8534 0.9756 0.8578 0.0682 
RSI T4 0.8754 0.9722 0.8951 0.0546 
RSI T5 0.8891 0.9615 0.9046 0.0417 
RSI T6 0.8960 0.9407 0.9082 0.0286 
RSI T7 0.8793 0.9775 0.8913 0.0548 
RSI T8 0.8803 0.9717 0.8879 0.0553 
SD 0.6310 0.8744 0.6292 0.0658 
SMA 0.7955 0.9269 0.8030 0.0828 
VSI T1 0.7271 0.8818 0.7453 0.0822 
VSI T2 0.7888 0.9537 0.7795 0.0843 
VSI T3 0.8358 0.9766 0.8309 0.0749 
VSI T4 0.8571 0.9732 0.8722 0.0643 
VSI T5 0.8612 0.9672 0.8914 0.0707 
VSI T6 0.8886 0.9563 0.8981 0.0412 
VSI T7 0.8633 0.9759 0.8740 0.0642 





APPENDIX F - VECTOR INTENSITY MEASURE AUC 
VALUES 
Table F-1 Vector IM AUC averages, maximums, medians and standard deviations 
for all single block models with shear stiffness 0.5 GPa 
 




ASI T1 0.9021 0.9282 0.9133 0.0333 
ASI T2 0.9016 0.9356 0.9126 0.0340 
ASI T3 0.9013 0.9296 0.9114 0.0336 
ASI T4 0.9024 0.9325 0.9111 0.0315 
ASI T5 0.8995 0.9368 0.9109 0.0325 
ASI T6 0.9017 0.9327 0.9109 0.0274 
ASI T7 0.9010 0.9316 0.9109 0.0310 
ASI T8 0.8990 0.9338 0.9103 0.0376 
DSI T1 0.9025 0.9398 0.9108 0.0388 
DSI T2 0.9133 0.9394 0.9180 0.0247 
DSI T3 0.9141 0.9480 0.9231 0.0313 
DSI T4 0.9227 0.9582 0.9207 0.0216 
DSI T5 0.9295 0.9512 0.9351 0.0201 
DSI T6 0.9303 0.9538 0.9383 0.0272 
DSI T7 0.9235 0.9567 0.9265 0.0253 
DSI T8 0.9226 0.9525 0.9257 0.0220 
EDA 0.9158 0.9447 0.9172 0.0233 
Ialpha 0.9046 0.9360 0.9148 0.0345 
Ic 0.9020 0.9338 0.9150 0.0373 
Lc T1 0.8992 0.9304 0.9109 0.0377 
Lc T2 0.9014 0.9290 0.9104 0.0317 
Lc T3 0.9048 0.9220 0.9176 0.0258 
Lc T4 0.8968 0.9276 0.9061 0.0307 
Lc T5 0.8966 0.9290 0.9134 0.0354 
Lc T6 0.8998 0.9286 0.9102 0.0311 
Lc T7 0.9035 0.9323 0.9141 0.0331 
Lc T8 0.9046 0.9301 0.9103 0.0275 
PGA 0.9043 0.9352 0.9108 0.0303 
PP 0.9209 0.9528 0.9292 0.0281 
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PHV/PHV 0.9028 0.9336 0.9110 0.0313 
RMS 0.8191 0.8675 0.8196 0.0302 
RSI T1 0.8979 0.9254 0.9081 0.0319 
RSI T2 0.9105 0.9315 0.9201 0.0224 
RSI T3 0.9151 0.9513 0.9169 0.0242 
RSI T4 0.9201 0.9423 0.9263 0.0227 
RSI T5 0.9229 0.9391 0.9251 0.0175 
RSI T6 0.9244 0.9460 0.9334 0.0275 
RSI T7 0.9200 0.9465 0.9235 0.0246 
RSI T8 0.9177 0.9494 0.9212 0.0243 
SD 0.8106 0.8507 0.8149 0.0337 
SMA 0.9055 0.9373 0.9162 0.0333 
VSI T1 0.8989 0.9327 0.9143 0.0397 
VSI T2 0.9054 0.9310 0.9152 0.0248 
VSI T3 0.9107 0.9451 0.9167 0.0256 
VSI T4 0.9169 0.9481 0.9178 0.0206 
VSI T5 0.9223 0.9467 0.9231 0.0186 
VSI T6 0.9190 0.9474 0.9218 0.0250 
VSI T7 0.9157 0.9480 0.9159 0.0202 
VSI T8 0.9133 0.9491 0.9181 0.0236 
EDA 
ASI T1 0.7595 0.8279 0.7450 0.0346 
ASI T2 0.7938 0.8276 0.7992 0.0270 
ASI T3 0.8148 0.8517 0.8145 0.0236 
ASI T4 0.8097 0.8478 0.8068 0.0214 
ASI T5 0.8171 0.8566 0.8188 0.0220 
ASI T6 0.8109 0.8630 0.8080 0.0262 
ASI T7 0.8160 0.8473 0.8186 0.0206 
ASI T8 0.8099 0.8471 0.8100 0.0210 
CAV 0.9089 0.9455 0.9163 0.0338 
DSI T1 0.8520 0.8846 0.8568 0.0285 
DSI T2 0.8752 0.9144 0.8690 0.0244 
DSI T3 0.8964 0.9453 0.8889 0.0327 
DSI T4 0.9138 0.9387 0.9196 0.0195 
DSI T5 0.9207 0.9368 0.9276 0.0211 
DSI T6 0.9250 0.9499 0.9354 0.0289 
DSI T7 0.9180 0.9426 0.9239 0.0205 
DSI T8 0.8984 0.9172 0.8967 0.0127 
Ialpha 0.9012 0.9284 0.9058 0.0302 
228 
 
Ic 0.8472 0.8736 0.8519 0.0219 
Lc T1 0.7201 0.7540 0.7181 0.0263 
Lc T2 0.7227 0.7609 0.7212 0.0236 
Lc T3 0.7217 0.7495 0.7189 0.0214 
Lc T4 0.7245 0.7633 0.7284 0.0249 
Lc T5 0.7205 0.7471 0.7269 0.0225 
Lc T6 0.7172 0.7544 0.7196 0.0250 
Lc T7 0.7223 0.7553 0.7290 0.0280 
Lc T8 0.7212 0.7537 0.7242 0.0236 
PGA 0.8350 0.8680 0.8397 0.0225 
PGA/PHV 0.7629 0.7850 0.7657 0.0143 
PP 0.7103 0.7572 0.7247 0.0428 
RMS 0.7222 0.7783 0.7209 0.0306 
RSI T1 0.7999 0.8564 0.7956 0.0312 
RSI T2 0.8342 0.8663 0.8433 0.0245 
RSI T3 0.8666 0.9035 0.8622 0.0236 
RSI T4 0.8879 0.9073 0.8843 0.0138 
RSI T5 0.8904 0.9126 0.8909 0.0161 
RSI T6 0.9027 0.9237 0.9077 0.0199 
RSI T7 0.8922 0.9124 0.8870 0.0133 
RSI T8 0.8922 0.9131 0.8906 0.0144 
SD 0.7034 0.7390 0.7085 0.0258 
SMA 0.8441 0.8790 0.8404 0.0236 
VSI T1 0.7763 0.8358 0.7722 0.0339 
VSI T2 0.8190 0.8486 0.8299 0.0255 
VSI T3 0.8538 0.8958 0.8520 0.0242 
VSI T4 0.8717 0.9096 0.8649 0.0175 
VSI T5 0.8873 0.9191 0.8829 0.0170 
VSI T6 0.8960 0.9108 0.8963 0.0133 
VSI T7 0.8728 0.9005 0.8626 0.0176 
VSI T8 0.8769 0.8993 0.8736 0.0163 
PGA 
ASI T1 0.7709 0.8393 0.7588 0.0388 
ASI T2 0.7857 0.8539 0.7774 0.0421 
ASI T3 0.8108 0.8797 0.7986 0.0399 
ASI T4 0.8210 0.8712 0.8146 0.0309 
ASI T5 0.8191 0.8724 0.8099 0.0304 
ASI T6 0.8300 0.8690 0.8286 0.0248 
ASI T7 0.8221 0.8861 0.8106 0.0370 
229 
 
ASI T8 0.8138 0.8675 0.8104 0.0303 
CAV 0.8996 0.9337 0.9141 0.0453 
DSI T1 0.7837 0.8422 0.7704 0.0328 
DSI T2 0.8437 0.9117 0.8311 0.0441 
DSI T3 0.8744 0.9380 0.8613 0.0392 
DSI T4 0.9068 0.9471 0.9017 0.0276 
DSI T5 0.9214 0.9475 0.9276 0.0213 
DSI T6 0.9292 0.9477 0.9408 0.0259 
DSI T7 0.9112 0.9524 0.9103 0.0296 
DSI T8 0.9070 0.9412 0.9081 0.0241 
EDA 0.8662 0.8927 0.8666 0.0216 
Ic 0.8051 0.8640 0.7979 0.0372 
I alpha 0.9054 0.9267 0.9155 0.0266 
Lc T1 0.8549 0.8889 0.8528 0.0249 
Lc T2 0.8539 0.8922 0.8570 0.0225 
Lc T3 0.8463 0.8794 0.8434 0.0235 
Lc T4 0.8551 0.8865 0.8539 0.0212 
Lc T5 0.8543 0.8759 0.8521 0.0189 
Lc T6 0.8588 0.8922 0.8559 0.0227 
Lc T7 0.8576 0.8915 0.8572 0.0256 
Lc T8 0.8564 0.8921 0.8562 0.0236 
PGA/PHV 0.8446 0.8751 0.8467 0.0238 
PP 0.8606 0.8888 0.8673 0.0274 
RMS 0.7123 0.7407 0.7161 0.0255 
RSI T1 0.7837 0.8410 0.7793 0.0361 
RSI T2 0.8242 0.9075 0.8133 0.0459 
RSI T3 0.8581 0.9219 0.8461 0.0396 
RSI T4 0.8890 0.9325 0.8835 0.0255 
RSI T5 0.9058 0.9400 0.9056 0.0220 
RSI T6 0.9151 0.9335 0.9231 0.0193 
RSI T7 0.8912 0.9313 0.8833 0.0271 
RSI T8 0.8933 0.9338 0.8885 0.0268 
SD 0.6934 0.7231 0.6998 0.0250 
SMA 0.7911 0.8479 0.7783 0.0345 
VSI T1 0.7733 0.8406 0.7636 0.0402 
VSI T2 0.8094 0.8872 0.7951 0.0464 
VSI T3 0.8394 0.9160 0.8290 0.0432 
VSI T4 0.8646 0.9238 0.8559 0.0372 
230 
 
VSI T5 0.8903 0.9320 0.8828 0.0260 
VSI T6 0.9079 0.9409 0.9067 0.0225 
VSI T7 0.8732 0.9301 0.8641 0.0347 
VSI T8 0.8816 0.9282 0.8700 0.0309 
PHV/PHA PGA/PHV 0.7619 0.8213 0.7516 0.0332 
RMS 
ASI T1 0.5588 0.6258 0.5565 0.0445 
ASI T2 0.5799 0.6170 0.5863 0.0320 
ASI T3 0.6382 0.7297 0.6360 0.0496 
ASI T4 0.6232 0.6946 0.6203 0.0370 
ASI T5 0.6302 0.6763 0.6428 0.0437 
ASI T6 0.6399 0.6861 0.6407 0.0287 
ASI T7 0.6373 0.7031 0.6530 0.0497 
ASI T8 0.6107 0.6652 0.6084 0.0398 
CAV 0.7516 0.7940 0.7630 0.0409 
DSI T1 0.6387 0.7140 0.6288 0.0337 
DSI T2 0.6923 0.7614 0.6956 0.0461 
DSI T3 0.7165 0.7922 0.7154 0.0320 
DSI T4 0.7427 0.7830 0.7397 0.0200 
DSI T5 0.7875 0.8364 0.7892 0.0395 
DSI T6 0.7872 0.8603 0.7919 0.0616 
DSI T7 0.7546 0.8259 0.7614 0.0384 
DSI T8 0.7644 0.8008 0.7563 0.0260 
EDA 0.5800 0.6871 0.6213 0.1038 
Ic 0.6561 0.7454 0.6562 0.0490 
I alpha 0.7366 0.8230 0.7568 0.0614 
Lc T1 0.5281 0.6091 0.5709 0.0830 
Lc T2 0.5383 0.6130 0.5710 0.0650 
Lc T3 0.5573 0.6242 0.5731 0.0569 
Lc T4 0.5351 0.6166 0.5489 0.0628 
Lc T5 0.5380 0.6076 0.5532 0.0556 
Lc T6 0.5399 0.6344 0.5718 0.0835 
Lc T7 0.5309 0.6145 0.5649 0.0684 
Lc T8 0.5307 0.6316 0.5567 0.0759 
PGA/PHV 0.5709 0.6140 0.5729 0.0264 
PGA 0.6477 0.6956 0.6606 0.0415 
PP 0.5392 0.6096 0.5753 0.0670 
RSI T1 0.6043 0.6682 0.6058 0.0346 
RSI T2 0.6531 0.7621 0.6502 0.0614 
231 
 
RSI T3 0.7125 0.7863 0.7061 0.0348 
RSI T4 0.7192 0.8367 0.7121 0.0685 
RSI T5 0.7482 0.8001 0.7666 0.0411 
RSI T6 0.7593 0.8201 0.7681 0.0439 
RSI T7 0.7128 0.8070 0.6954 0.0543 
RSI T8 0.7510 0.8661 0.7483 0.0550 
SD 0.7228 0.7719 0.7261 0.0296 
SMA 0.6561 0.7378 0.6435 0.0511 
VSI T1 0.5715 0.6489 0.5671 0.0423 
VSI T2 0.6441 0.7067 0.6521 0.0614 
VSI T3 0.6889 0.7828 0.6835 0.0518 
VSI T4 0.7026 0.8103 0.6857 0.0567 
VSI T5 0.7317 0.8008 0.7329 0.0373 
VSI T6 0.7474 0.8216 0.7424 0.0485 
VSI T7 0.7123 0.7956 0.7102 0.0472 
VSI T8 0.7163 0.7791 0.7208 0.0460 
SD 
ASI T1 0.6985 0.7519 0.6968 0.0249 
ASI T2 0.7165 0.7418 0.7229 0.0199 
ASI T3 0.7370 0.7727 0.7332 0.0195 
ASI T4 0.7391 0.7692 0.7414 0.0168 
ASI T5 0.7451 0.7804 0.7426 0.0184 
ASI T6 0.7457 0.7661 0.7472 0.0171 
ASI T7 0.7436 0.7868 0.7420 0.0229 
ASI T8 0.7477 0.7871 0.7458 0.0202 
CAV 0.8078 0.8765 0.8066 0.0410 
DSI T1 0.7044 0.7409 0.6977 0.0205 
DSI T2 0.7246 0.7684 0.7325 0.0248 
DSI T3 0.7637 0.8312 0.7691 0.0375 
DSI T4 0.8038 0.8680 0.8143 0.0413 
DSI T5 0.8153 0.8803 0.8281 0.0509 
DSI T6 0.8203 0.8848 0.8224 0.0476 
DSI T7 0.8040 0.8584 0.8092 0.0410 
DSI T8 0.7808 0.8218 0.7905 0.0376 
EDA 0.7221 0.7515 0.7283 0.0251 
Ialpha 0.7744 0.8326 0.7765 0.0339 
Ic 0.7114 0.7640 0.7175 0.0282 
Lc T1 0.7856 0.8258 0.7992 0.0352 
Lc T2 0.7767 0.8206 0.7885 0.0370 
232 
 
Lc T3 0.7724 0.8101 0.7859 0.0343 
Lc T4 0.7698 0.8149 0.7788 0.0340 
Lc T5 0.7652 0.8164 0.7736 0.0349 
Lc T6 0.7642 0.8084 0.7696 0.0337 
Lc T7 0.7748 0.8120 0.7819 0.0327 
Lc T8 0.7828 0.8171 0.7989 0.0353 
RSI T1 0.7044 0.7226 0.7082 0.0188 
RSI T2 0.7196 0.7579 0.7085 0.0272 
RSI T3 0.7464 0.7968 0.7535 0.0398 
RSI T4 0.7872 0.8367 0.7927 0.0413 
RSI T5 0.8096 0.8558 0.8246 0.0471 
RSI T6 0.8208 0.8608 0.8317 0.0422 
RSI T7 0.7679 0.8172 0.7763 0.0381 
RSI T8 0.7711 0.8133 0.7735 0.0321 
SMA 0.7449 0.7742 0.7517 0.0223 
PHV/PHA 0.7926 0.8202 0.8055 0.0315 
PGA 0.7510 0.7739 0.7513 0.0184 
PP 0.8298 0.8739 0.8435 0.0471 
RMS 0.7165 0.7741 0.7078 0.0272 
VSI T1 0.6827 0.7318 0.6819 0.0243 
VSI T2 0.7120 0.7505 0.7007 0.0247 
VSI T3 0.7299 0.7713 0.7317 0.0326 
VSI T4 0.7653 0.8180 0.7709 0.0392 
VSI T5 0.7791 0.8266 0.7792 0.0398 
VSI T6 0.7932 0.8445 0.7979 0.0419 
VSI T7 0.7574 0.8050 0.7513 0.0344 
VSI T8 0.7577 0.7969 0.7447 0.0288 
SMA 
ASI T1 0.7849 0.8546 0.7720 0.0370 
ASI T2 0.7872 0.8621 0.7755 0.0427 
ASI T3 0.8144 0.8835 0.8039 0.0400 
ASI T4 0.8176 0.8697 0.8102 0.0336 
ASI T5 0.8159 0.8742 0.8038 0.0313 
ASI T6 0.8238 0.8718 0.8155 0.0316 
ASI T7 0.8149 0.8755 0.8027 0.0359 
ASI T8 0.8059 0.8640 0.7994 0.0374 
CAV 0.9046 0.9364 0.9156 0.0387 
DSI T1 0.7912 0.8495 0.7767 0.0354 
DSI T2 0.8396 0.9147 0.8256 0.0453 
233 
 
DSI T3 0.8777 0.9381 0.8607 0.0366 
DSI T4 0.9088 0.9440 0.9071 0.0255 
DSI T5 0.9246 0.9462 0.9312 0.0198 
DSI T6 0.9265 0.9458 0.9373 0.0261 
DSI T7 0.9106 0.9482 0.9117 0.0296 
DSI T8 0.9075 0.9436 0.9051 0.0250 
EDA 0.8744 0.9048 0.8735 0.0217 
Ialpha 0.9066 0.9321 0.9180 0.0286 
Ic 0.8024 0.8653 0.7935 0.0396 
Lc T1 0.8603 0.8931 0.8633 0.0239 
Lc T2 0.8573 0.8908 0.8590 0.0221 
Lc T3 0.8580 0.8854 0.8619 0.0244 
Lc T4 0.8613 0.8939 0.8626 0.0267 
Lc T5 0.8605 0.8962 0.8609 0.0266 
Lc T6 0.8599 0.8906 0.8581 0.0225 
Lc T7 0.8680 0.8967 0.8661 0.0221 
Lc T8 0.8610 0.8892 0.8604 0.0206 
RSI T1 0.7878 0.8450 0.7766 0.0362 
RSI T2 0.8286 0.8951 0.8202 0.0423 
RSI T3 0.8609 0.9252 0.8533 0.0408 
RSI T4 0.8898 0.9373 0.8796 0.0302 
RSI T5 0.9078 0.9423 0.9036 0.0213 
RSI T6 0.9147 0.9359 0.9227 0.0221 
RSI T7 0.8946 0.9455 0.8862 0.0279 
RSI T8 0.8963 0.9388 0.8911 0.0250 
SD 0.7005 0.7240 0.7192 0.0275 
PHV/PHA 0.8575 0.8840 0.8561 0.0226 
PGA 0.7906 0.8684 0.7741 0.0441 
PP 0.8736 0.8976 0.8753 0.0219 
RMS 0.7061 0.7354 0.7064 0.0236 
VSI T1 0.7785 0.8444 0.7674 0.0382 
VSI T2 0.8096 0.8870 0.7992 0.0455 
VSI T3 0.8434 0.9146 0.8353 0.0426 
VSI T4 0.8682 0.9220 0.8609 0.0335 
VSI T5 0.8924 0.9343 0.8839 0.0276 
VSI T6 0.9042 0.9389 0.9103 0.0241 
VSI T7 0.8737 0.9283 0.8696 0.0304 




ASI T1 0.7139 0.7435 0.7287 0.0324 
ASI T2 0.7498 0.8170 0.7487 0.0430 
ASI T3 0.7721 0.8354 0.7653 0.0339 
ASI T4 0.7008 0.7393 0.6980 0.0233 
ASI T5 0.7780 0.8166 0.7823 0.0288 
ASI T6 0.7804 0.8161 0.7841 0.0253 
ASI T7 0.7751 0.8309 0.7700 0.0301 
ASI T8 0.7653 0.8168 0.7695 0.0346 
CAV 0.8959 0.9286 0.9045 0.0348 
DSI T1 0.7956 0.8529 0.7857 0.0334 
DSI T2 0.8385 0.9096 0.8230 0.0437 
DSI T3 0.8764 0.9334 0.8661 0.0358 
DSI T4 0.9009 0.9400 0.9005 0.0257 
DSI T5 0.9184 0.9406 0.9224 0.0204 
DSI T6 0.9259 0.9480 0.9340 0.0218 
DSI T7 0.9106 0.9455 0.9118 0.0226 
DSI T8 0.8942 0.9156 0.8942 0.0131 
EDA 0.7740 0.7924 0.7787 0.0168 
Ialpha 0.8700 0.9113 0.8765 0.0339 
Ic 0.8109 0.8727 0.8040 0.0333 
Lc T1 0.8648 0.8857 0.8664 0.0191 
Lc T2 0.8642 0.8972 0.8680 0.0246 
Lc T3 0.8638 0.8862 0.8741 0.0219 
Lc T4 0.8638 0.8859 0.8657 0.0197 
Lc T5 0.8652 0.8812 0.8769 0.0218 
Lc T6 0.8609 0.8838 0.8700 0.0214 
Lc T7 0.8661 0.8995 0.8743 0.0239 
Lc T8 0.8640 0.8968 0.8718 0.0273 
RSI T1 0.7462 0.7849 0.7652 0.0378 
RSI T2 0.8019 0.8711 0.7986 0.0411 
RSI T3 0.8425 0.8870 0.8375 0.0269 
RSI T4 0.8735 0.9032 0.8741 0.0174 
RSI T5 0.8924 0.9109 0.8931 0.0123 
RSI T6 0.8991 0.9184 0.9013 0.0163 
RSI T7 0.8753 0.9105 0.8755 0.0204 
RSI T8 0.8807 0.9104 0.8811 0.0231 
SD 0.6933 0.7455 0.7003 0.0399 
SMA 0.7882 0.8483 0.7764 0.0364 
235 
 
PGA 0.7820 0.8438 0.7739 0.0357 
PP 0.7649 0.7966 0.7618 0.0160 
RMS 0.6949 0.7561 0.6900 0.0330 
VSI T1 0.7293 0.7770 0.7376 0.0368 
VSI T2 0.7824 0.8548 0.7677 0.0456 
VSI T3 0.8280 0.8970 0.8191 0.0384 
VSI T4 0.8530 0.8969 0.8474 0.0264 
VSI T5 0.8808 0.9154 0.8782 0.0182 
VSI T6 0.8900 0.9087 0.8908 0.0107 
VSI T7 0.8594 0.9020 0.8516 0.0259 
VSI T8 0.8569 0.9053 0.8487 0.0242 
PP 
ASI T1 0.7542 0.7955 0.7512 0.0228 
ASI T2 0.7842 0.8213 0.7776 0.0241 
ASI T3 0.8082 0.8489 0.8093 0.0214 
ASI T4 0.8031 0.8330 0.8081 0.0218 
ASI T5 0.8086 0.8379 0.8057 0.0168 
ASI T6 0.8081 0.8388 0.8008 0.0187 
ASI T7 0.8033 0.8364 0.8056 0.0258 
ASI T8 0.7998 0.8256 0.7961 0.0169 
CAV 0.9059 0.9310 0.9186 0.0350 
DSI T1 0.8294 0.8719 0.8279 0.0312 
DSI T2 0.8600 0.9207 0.8483 0.0350 
DSI T3 0.8878 0.9368 0.8850 0.0283 
DSI T4 0.9110 0.9371 0.9089 0.0186 
DSI T5 0.9167 0.9366 0.9260 0.0231 
DSI T6 0.9249 0.9430 0.9321 0.0213 
DSI T7 0.9139 0.9430 0.9134 0.0231 
DSI T8 0.8932 0.9118 0.8917 0.0119 
EDA 0.7562 0.7944 0.7655 0.0332 
Ialpha 0.8931 0.9275 0.8937 0.0249 
Ic 0.8514 0.8899 0.8563 0.0262 
Lc T1 0.7341 0.7800 0.7321 0.0325 
Lc T2 0.7295 0.7772 0.7272 0.0321 
Lc T3 0.7325 0.7773 0.7288 0.0349 
Lc T4 0.7338 0.7750 0.7295 0.0294 
Lc T5 0.7293 0.7808 0.7271 0.0342 
Lc T6 0.7348 0.7787 0.7351 0.0300 
Lc T7 0.7316 0.7806 0.7347 0.0341 
236 
 
Lc T8 0.7312 0.7818 0.7286 0.0316 
RSI T1 0.7885 0.8301 0.7791 0.0206 
RSI T2 0.8301 0.8598 0.8369 0.0226 
RSI T3 0.8620 0.8924 0.8526 0.0208 
RSI T4 0.8811 0.9063 0.8767 0.0150 
RSI T5 0.8908 0.9030 0.8917 0.0079 
RSI T6 0.8944 0.9155 0.8999 0.0204 
RSI T7 0.8815 0.9106 0.8754 0.0155 
RSI T8 0.8856 0.9105 0.8783 0.0143 
SD 0.8195 0.8670 0.8414 0.0553 
SMA 0.8283 0.8685 0.8237 0.0279 
PGA 0.8175 0.8619 0.8141 0.0274 
PHA_PHV 0.7697 0.7952 0.7707 0.0187 
RMS 0.8090 0.8602 0.8259 0.0485 
VSI T1 0.7698 0.8131 0.7581 0.0274 
VSI T2 0.8150 0.8635 0.8244 0.0321 
VSI T3 0.8515 0.8901 0.8458 0.0218 
VSI T4 0.8660 0.9012 0.8616 0.0194 
VSI T5 0.8826 0.9111 0.8785 0.0138 
VSI T6 0.8880 0.9032 0.8894 0.0159 
VSI T7 0.8697 0.9081 0.8630 0.0188 





Table F-2 AUC Value averages, maximums, medians and standard deviations for all 
single block models with shear stiffness 1.0 GPa  
 




ASI T1 0.8659 0.9304 0.8744 0.0440 
ASI T2 0.8788 0.9324 0.8826 0.0351 
ASI T3 0.8735 0.9321 0.8823 0.0390 
ASI T4 0.8201 0.9255 0.8342 0.0722 
ASI T5 0.8741 0.9233 0.8864 0.0347 
ASI T6 0.8708 0.9249 0.8792 0.0322 
ASI T7 0.8718 0.9343 0.8729 0.0332 
ASI T8 0.8831 0.9385 0.8818 0.0251 
DSI T1 0.8819 0.9398 0.8957 0.0468 
DSI T2 0.8831 0.9358 0.8905 0.0401 
DSI T3 0.8685 0.9294 0.8726 0.0511 
DSI T4 0.8658 0.9294 0.8911 0.0607 
DSI T5 0.8682 0.9392 0.8801 0.0568 
DSI T6 0.8665 0.9404 0.8913 0.0603 
DSI T7 0.8686 0.9364 0.8786 0.0591 
DSI T8 0.8644 0.9329 0.8760 0.0604 
EDA 0.8552 0.9248 0.8967 0.0780 
Ialpha 0.8889 0.9392 0.9045 0.0451 
Ic 0.8789 0.9360 0.8976 0.0461 
Lc T1 0.8465 0.9214 0.8752 0.0621 
Lc T2 0.8517 0.9249 0.8690 0.0539 
Lc T3 0.8544 0.9222 0.8802 0.0578 
Lc T4 0.8291 0.8891 0.8410 0.0446 
Lc T5 0.8555 0.9263 0.8779 0.0556 
Lc T6 0.8587 0.9223 0.8894 0.0547 
Lc T7 0.8572 0.9202 0.8735 0.0512 
Lc T8 0.8500 0.9252 0.8820 0.0647 
PGA 0.9116 0.9502 0.9101 0.0217 
PP 0.8534 0.9379 0.8998 0.0889 
PHV/PHV 0.8557 0.9182 0.8933 0.0730 
RMS 0.7805 0.8741 0.7641 0.0541 
RSI T1 0.8726 0.9337 0.8835 0.0436 
RSI T2 0.8758 0.9322 0.8833 0.0389 
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RSI T3 0.8641 0.9292 0.8750 0.0571 
RSI T4 0.8708 0.9299 0.8782 0.0505 
RSI T5 0.8620 0.9347 0.8794 0.0598 
RSI T6 0.8657 0.9347 0.8849 0.0568 
RSI T7 0.8665 0.9296 0.8730 0.0512 
RSI T8 0.8734 0.9346 0.8741 0.0514 
SD 0.6049 0.8554 0.6620 0.2816 
SMA 0.9051 0.9477 0.9088 0.0271 
VSI T1 0.8640 0.9321 0.8805 0.0506 
VSI T2 0.8661 0.9307 0.8851 0.0516 
VSI T3 0.8617 0.9350 0.8751 0.0555 
VSI T4 0.8315 0.9204 0.8238 0.0717 
VSI T5 0.8682 0.9320 0.8797 0.0550 
VSI T6 0.8609 0.9321 0.8774 0.0571 
VSI T7 0.8608 0.9347 0.8730 0.0576 
VSI T8 0.8687 0.9335 0.8701 0.0469 
EDA 
ASI T1 0.7721 0.8976 0.7576 0.0584 
ASI T2 0.7965 0.8937 0.7984 0.0502 
ASI T3 0.8156 0.8954 0.8101 0.0460 
ASI T4 0.8143 0.8936 0.8032 0.0495 
ASI T5 0.8086 0.8954 0.8028 0.0428 
ASI T6 0.8626 0.9302 0.8784 0.0494 
ASI T7 0.8076 0.8920 0.8048 0.0413 
ASI T8 0.8241 0.9398 0.8126 0.0554 
CAV 0.8679 0.9344 0.8901 0.0566 
DSI T1 0.8220 0.9006 0.8405 0.0591 
DSI T2 0.8551 0.9133 0.8867 0.0599 
DSI T3 0.8430 0.9242 0.8680 0.0714 
DSI T4 0.8597 0.9145 0.8751 0.0566 
DSI T5 0.8615 0.9230 0.8859 0.0592 
DSI T6 0.8621 0.9300 0.8859 0.0589 
DSI T7 0.8663 0.9265 0.8851 0.0607 
DSI T8 0.8517 0.9070 0.8840 0.0582 
Ialpha 0.8669 0.9261 0.8869 0.0579 
Ic 0.8211 0.8858 0.8426 0.0629 
Lc T1 0.7210 0.7758 0.7166 0.0272 
Lc T2 0.7221 0.7674 0.7203 0.0281 
Lc T3 0.7283 0.7719 0.7312 0.0290 
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Lc T4 0.7177 0.7737 0.7081 0.0309 
Lc T5 0.7256 0.7821 0.7126 0.0339 
Lc T6 0.7231 0.7772 0.7171 0.0305 
Lc T7 0.7275 0.7809 0.7273 0.0288 
Lc T8 0.7238 0.7704 0.7278 0.0281 
PGA 0.8372 0.9185 0.8379 0.0423 
PGA/PHV 0.7487 0.8132 0.7380 0.0424 
PP 0.6889 0.7578 0.6813 0.0387 
RMS 0.5867 0.8053 0.6753 0.2669 
RSI T1 0.7884 0.8758 0.7911 0.0568 
RSI T2 0.8197 0.8861 0.8365 0.0523 
RSI T3 0.8264 0.8999 0.8343 0.0601 
RSI T4 0.8401 0.8966 0.8519 0.0522 
RSI T5 0.8359 0.8986 0.8556 0.0615 
RSI T6 0.8472 0.9077 0.8659 0.0473 
RSI T7 0.8457 0.9075 0.8554 0.0562 
RSI T8 0.8459 0.9071 0.8629 0.0552 
SD 0.6698 0.7394 0.6625 0.0398 
SMA 0.8470 0.9205 0.8471 0.0392 
VSI T1 0.7607 0.8706 0.7580 0.0627 
VSI T2 0.8149 0.9384 0.8278 0.0622 
VSI T3 0.8125 0.8878 0.8257 0.0641 
VSI T4 0.8247 0.8925 0.8369 0.0614 
VSI T5 0.8295 0.8949 0.8490 0.0648 
VSI T6 0.8372 0.9010 0.8534 0.0573 
VSI T7 0.8302 0.8984 0.8412 0.0583 
VSI T8 0.8297 0.8984 0.8412 0.0595 
PGA 
ASI T1 0.7788 0.9019 0.8011 0.0819 
ASI T2 0.8105 0.9114 0.8372 0.0794 
ASI T3 0.8161 0.9146 0.8231 0.0744 
ASI T4 0.8146 0.9250 0.8223 0.0733 
ASI T5 0.8188 0.9269 0.8291 0.0668 
ASI T6 0.8246 0.9158 0.8518 0.0655 
ASI T7 0.8216 0.9270 0.8397 0.0713 
ASI T8 0.8200 0.9207 0.8267 0.0673 
CAV 0.8896 0.9359 0.9008 0.0399 
DSI T1 0.7982 0.9024 0.8239 0.0774 
DSI T2 0.8382 0.9360 0.8677 0.0729 
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DSI T3 0.8462 0.9258 0.8605 0.0659 
DSI T4 0.8625 0.9285 0.8844 0.0581 
DSI T5 0.8695 0.9327 0.8899 0.0571 
DSI T6 0.8742 0.9306 0.8977 0.0489 
DSI T7 0.8654 0.9417 0.8820 0.0641 
DSI T8 0.8584 0.9293 0.8719 0.0677 
EDA 0.8141 0.8966 0.8404 0.0680 
Ic 0.7881 0.9098 0.7921 0.0842 
I alpha 0.8818 0.9371 0.8984 0.0466 
Lc T1 0.8212 0.8884 0.8284 0.0565 
Lc T2 0.8201 0.8846 0.8385 0.0601 
Lc T3 0.8170 0.8866 0.8383 0.0626 
Lc T4 0.8214 0.8892 0.8328 0.0570 
Lc T5 0.8290 0.8954 0.8436 0.0555 
Lc T6 0.8254 0.9033 0.8442 0.0610 
Lc T7 0.8282 0.8912 0.8471 0.0489 
Lc T8 0.8199 0.8899 0.8326 0.0615 
PGA/PHV 0.8201 0.8859 0.8450 0.0590 
PP 0.8071 0.8992 0.8406 0.0773 
RMS 0.6109 0.8366 0.7073 0.2761 
RSI T1 0.7782 0.9113 0.8010 0.0760 
RSI T2 0.8194 0.9317 0.8412 0.0753 
RSI T3 0.8271 0.9176 0.8568 0.0815 
RSI T4 0.8468 0.9365 0.8859 0.0768 
RSI T5 0.8559 0.9309 0.8754 0.0680 
RSI T6 0.8652 0.9271 0.8918 0.0587 
RSI T7 0.8432 0.9307 0.8513 0.0734 
RSI T8 0.8523 0.9392 0.8703 0.0658 
SD 0.5974 0.8376 0.6947 0.2727 
SMA 0.8148 0.9278 0.8371 0.0827 
VSI T1 0.7657 0.9093 0.7982 0.0873 
VSI T2 0.8094 0.9178 0.8444 0.0817 
VSI T3 0.8190 0.9191 0.8469 0.0825 
VSI T4 0.8337 0.9223 0.8721 0.0815 
VSI T5 0.8389 0.9224 0.8588 0.0763 
VSI T6 0.8615 0.9252 0.8874 0.0601 
VSI T7 0.8354 0.9288 0.8555 0.0765 
VSI T8 0.8394 0.9282 0.8477 0.0735 
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PHV/PHA PGA/PHV 0.7500 0.8216 0.7557 0.0478 
RMS 
ASI T1 0.6279 0.8431 0.6309 0.0968 
ASI T2 0.6670 0.8017 0.6939 0.0785 
ASI T3 0.6454 0.7515 0.6646 0.0617 
ASI T4 0.6563 0.7505 0.6519 0.0638 
ASI T5 0.6646 0.7581 0.6723 0.0572 
ASI T6 0.6650 0.7517 0.6904 0.0703 
ASI T7 0.6559 0.7603 0.6644 0.0776 
ASI T8 0.6636 0.7818 0.6709 0.0775 
CAV 0.7462 0.8201 0.7783 0.0640 
DSI T1 0.6672 0.7736 0.6991 0.0780 
DSI T2 0.6858 0.8079 0.7033 0.0883 
DSI T3 0.7087 0.8644 0.7372 0.0926 
DSI T4 0.7101 0.8508 0.7166 0.0850 
DSI T5 0.7315 0.7962 0.7496 0.0677 
DSI T6 0.7169 0.7927 0.7343 0.0772 
DSI T7 0.7364 0.8693 0.7495 0.0811 
DSI T8 0.7091 0.8014 0.7127 0.0580 
EDA 0.5991 0.7167 0.6408 0.1045 
Ic 0.6859 0.7920 0.6887 0.0860 
I alpha 0.7389 0.8660 0.7528 0.0667 
Lc T1 0.5457 0.7397 0.5604 0.1154 
Lc T2 0.5586 0.7300 0.5452 0.0983 
Lc T3 0.5604 0.7386 0.5535 0.0934 
Lc T4 0.5756 0.7307 0.5695 0.0849 
Lc T5 0.5639 0.7354 0.5545 0.0945 
Lc T6 0.5702 0.7380 0.5573 0.0918 
Lc T7 0.5567 0.7318 0.5300 0.0978 
Lc T8 0.5551 0.7295 0.5434 0.0962 
PGA/PHV 0.5886 0.7321 0.5823 0.0789 
PGA 0.6978 0.8313 0.7228 0.0982 
PP 0.5387 0.7353 0.5222 0.1001 
RSI T1 0.6258 0.7801 0.6041 0.0726 
RSI T2 0.6901 0.7737 0.7170 0.0748 
RSI T3 0.6749 0.8277 0.6808 0.0863 
RSI T4 0.6872 0.7901 0.6980 0.0711 
RSI T5 0.6945 0.7806 0.6972 0.0650 
RSI T6 0.7043 0.7990 0.7322 0.0738 
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RSI T7 0.6962 0.8161 0.6970 0.0736 
RSI T8 0.6923 0.7979 0.7001 0.0756 
SD 0.5829 0.8393 0.6652 0.2668 
SMA 0.7050 0.8306 0.7148 0.0904 
VSI T1 0.5878 0.7401 0.5797 0.0765 
VSI T2 0.6443 0.7389 0.6535 0.0687 
VSI T3 0.6733 0.8113 0.6865 0.0788 
VSI T4 0.6793 0.7966 0.6718 0.0609 
VSI T5 0.7002 0.8166 0.7122 0.0799 
VSI T6 0.6040 0.7984 0.7065 0.2751 
VSI T7 0.6769 0.8014 0.6708 0.0807 
VSI T8 0.7112 0.8288 0.7067 0.0822 
SD 
ASI T1 0.7316 0.8087 0.7311 0.0402 
ASI T2 0.7534 0.8173 0.7632 0.0410 
ASI T3 0.7501 0.8161 0.7480 0.0423 
ASI T4 0.7456 0.8076 0.7459 0.0402 
ASI T5 0.7484 0.8007 0.7463 0.0324 
ASI T6 0.7543 0.7921 0.7592 0.0316 
ASI T7 0.7515 0.8155 0.7560 0.0407 
ASI T8 0.7687 0.8179 0.7782 0.0373 
CAV 0.7541 0.8442 0.7465 0.0615 
DSI T1 0.7231 0.8329 0.7097 0.0510 
DSI T2 0.7211 0.8371 0.7059 0.0667 
DSI T3 0.7065 0.8258 0.6859 0.0714 
DSI T4 0.7251 0.8411 0.6980 0.0708 
DSI T5 0.7348 0.8438 0.7090 0.0663 
DSI T6 0.7482 0.8572 0.7368 0.0624 
DSI T7 0.7297 0.8336 0.7077 0.0679 
DSI T8 0.7281 0.8442 0.7198 0.0653 
EDA 0.6758 0.7423 0.6741 0.0364 
Ialpha 0.7258 0.8489 0.7117 0.0759 
Ic 0.7053 0.8124 0.6932 0.0534 
Lc T1 0.7090 0.7886 0.6986 0.0341 
Lc T2 0.7096 0.7834 0.7021 0.0372 
Lc T3 0.7103 0.7786 0.7046 0.0352 
Lc T4 0.7078 0.7724 0.7024 0.0347 
Lc T5 0.7067 0.7752 0.7085 0.0382 
Lc T6 0.7039 0.7649 0.7070 0.0395 
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Lc T7 0.7075 0.7833 0.7028 0.0409 
Lc T8 0.7104 0.7892 0.6981 0.0359 
RSI T1 0.7331 0.8194 0.7312 0.0435 
RSI T2 0.7261 0.8106 0.7137 0.0469 
RSI T3 0.7053 0.8076 0.6906 0.0578 
RSI T4 0.7205 0.8307 0.7110 0.0618 
RSI T5 0.7294 0.8452 0.7138 0.0651 
RSI T6 0.7449 0.8507 0.7408 0.0607 
RSI T7 0.7141 0.8087 0.7056 0.0597 
RSI T8 0.7229 0.8236 0.7181 0.0621 
SMA 0.8379 0.8811 0.8359 0.0295 
PHV/PHA 0.7035 0.7848 0.6982 0.0313 
PGA 0.8469 0.8981 0.8487 0.0318 
PP 0.7217 0.7942 0.7131 0.0303 
RMS 0.7047 0.8369 0.6879 0.0641 
VSI T1 0.7099 0.7953 0.7023 0.0517 
VSI T2 0.7235 0.8113 0.7170 0.0444 
VSI T3 0.7033 0.8151 0.6832 0.0555 
VSI T4 0.7140 0.8175 0.6957 0.0598 
VSI T5 0.7107 0.8369 0.7044 0.0707 
VSI T6 0.7280 0.8335 0.7340 0.0644 
VSI T7 0.7157 0.8097 0.7054 0.0595 
VSI T8 0.7209 0.8065 0.7045 0.0542 
SMA 
ASI T1 0.7904 0.9024 0.8208 0.0819 
ASI T2 0.8038 0.9108 0.8297 0.0777 
ASI T3 0.8093 0.9052 0.8204 0.0704 
ASI T4 0.8139 0.9189 0.8401 0.0768 
ASI T5 0.8197 0.9190 0.8376 0.0701 
ASI T6 0.8143 0.9170 0.8191 0.0671 
ASI T7 0.8220 0.9261 0.8452 0.0748 
ASI T8 0.8179 0.9198 0.8376 0.0734 
CAV 0.7986 0.9029 0.8249 0.0735 
DSI T1 0.7976 0.9067 0.8260 0.0789 
DSI T2 0.8377 0.9317 0.8584 0.0729 
DSI T3 0.8463 0.9278 0.8558 0.0689 
DSI T4 0.8665 0.9355 0.8959 0.0595 
DSI T5 0.8718 0.9295 0.8937 0.0559 
DSI T6 0.8736 0.9359 0.8918 0.0515 
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DSI T7 0.8645 0.9344 0.8799 0.0626 
DSI T8 0.6948 0.8027 0.7247 0.1176 
EDA 0.8264 0.9021 0.8404 0.0599 
Ialpha 0.8840 0.9368 0.8971 0.0436 
Ic 0.7907 0.8931 0.8028 0.0832 
Lc T1 0.8266 0.9021 0.8252 0.0573 
Lc T2 0.8255 0.8978 0.8309 0.0531 
Lc T3 0.8317 0.8957 0.8434 0.0517 
Lc T4 0.8259 0.8957 0.8381 0.0569 
Lc T5 0.8286 0.8983 0.8459 0.0593 
Lc T6 0.8261 0.9009 0.8402 0.0548 
Lc T7 0.8258 0.8939 0.8404 0.0548 
Lc T8 0.8326 0.8974 0.8446 0.0534 
RSI T1 0.7858 0.8938 0.8088 0.0795 
RSI T2 0.8237 0.9175 0.8505 0.0754 
RSI T3 0.8278 0.9249 0.8637 0.0832 
RSI T4 0.7009 0.8143 0.7008 0.0769 
RSI T5 0.8429 0.9208 0.8585 0.0700 
RSI T6 0.8729 0.9330 0.8980 0.0537 
RSI T7 0.8489 0.9267 0.8801 0.0759 
RSI T8 0.8505 0.9277 0.8611 0.0687 
SD 0.5968 0.8372 0.6977 0.2721 
PHV/PHA 0.8195 0.8941 0.8380 0.0687 
PGA 0.8135 0.9296 0.8379 0.0804 
PP 0.8213 0.9104 0.8297 0.0672 
RMS 0.6028 0.8346 0.6980 0.2729 
VSI T1 0.7804 0.8900 0.8220 0.0846 
VSI T2 0.8110 0.9239 0.8477 0.0828 
VSI T3 0.8249 0.9331 0.8315 0.0819 
VSI T4 0.8261 0.9331 0.8315 0.0813 
VSI T5 0.8377 0.9208 0.8585 0.0770 
VSI T6 0.8562 0.9205 0.8743 0.0613 
VSI T7 0.8345 0.9342 0.8338 0.0783 
VSI T8 0.8486 0.9230 0.8894 0.0761 
PHV/PHA 
ASI T1 0.7442 0.8767 0.7568 0.0801 
ASI T2 0.8013 0.8829 0.8206 0.0559 
ASI T3 0.7782 0.8674 0.8001 0.0630 
ASI T4 0.7780 0.8755 0.7996 0.0722 
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ASI T5 0.7783 0.8787 0.8014 0.0629 
ASI T6 0.7877 0.8798 0.8003 0.0642 
ASI T7 0.7806 0.8835 0.7999 0.0697 
ASI T8 0.7893 0.8932 0.7995 0.0679 
CAV 0.8609 0.9328 0.8819 0.0529 
DSI T1 0.7877 0.8921 0.8177 0.0791 
DSI T2 0.8273 0.9322 0.8662 0.0869 
DSI T3 0.8327 0.9182 0.8463 0.0754 
DSI T4 0.8489 0.9205 0.8653 0.0674 
DSI T5 0.8536 0.9297 0.8666 0.0642 
DSI T6 0.8517 0.9331 0.8809 0.0694 
DSI T7 0.8519 0.9217 0.8675 0.0644 
DSI T8 0.8425 0.9093 0.8566 0.0618 
EDA 0.7477 0.8082 0.7435 0.0406 
Ialpha 0.8515 0.9409 0.8871 0.0691 
Ic 0.7937 0.8763 0.8243 0.0799 
Lc T1 0.8096 0.8771 0.8425 0.0722 
Lc T2 0.8066 0.8802 0.8372 0.0719 
Lc T3 0.8061 0.8790 0.8492 0.0778 
Lc T4 0.8114 0.8778 0.8445 0.0693 
Lc T5 0.8137 0.8790 0.8501 0.0708 
Lc T6 0.8059 0.8749 0.8327 0.0661 
Lc T7 0.8084 0.8809 0.8455 0.0723 
Lc T8 0.8089 0.8783 0.8432 0.0698 
RSI T1 0.7531 0.8830 0.7637 0.0790 
RSI T2 0.8017 0.9091 0.8316 0.0775 
RSI T3 0.8106 0.8984 0.8306 0.0702 
RSI T4 0.8231 0.8947 0.8301 0.0617 
RSI T5 0.8336 0.9032 0.8411 0.0604 
RSI T6 0.8374 0.9094 0.8597 0.0581 
RSI T7 0.8273 0.9022 0.8387 0.0658 
RSI T8 0.8277 0.9086 0.8383 0.0654 
SD 0.5381 0.7307 0.6199 0.2445 
SMA 0.8081 0.9273 0.8314 0.0731 
PGA 0.7978 0.9175 0.8215 0.0735 
PP 0.7190 0.7897 0.7237 0.0590 
RMS 0.5663 0.7941 0.6511 0.2579 
VSI T1 0.7216 0.8598 0.7339 0.0741 
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VSI T2 0.7801 0.8612 0.8135 0.0732 
VSI T3 0.7878 0.8950 0.7959 0.0789 
VSI T4 0.8026 0.9042 0.8144 0.0764 
VSI T5 0.8229 0.9134 0.8259 0.0705 
VSI T6 0.8330 0.9013 0.8413 0.0559 
VSI T7 0.8127 0.9115 0.8141 0.0712 
VSI T8 0.8283 0.9099 0.8635 0.0741 
PP 
ASI T1 0.7829 0.9098 0.7663 0.0627 
ASI T2 0.8086 0.8829 0.8206 0.0468 
ASI T3 0.8125 0.8794 0.8174 0.0417 
ASI T4 0.8131 0.8720 0.8199 0.0399 
ASI T5 0.8097 0.8854 0.8054 0.0403 
ASI T6 0.8085 0.8875 0.7920 0.0411 
ASI T7 0.8178 0.8884 0.8233 0.0412 
ASI T8 0.8254 0.9255 0.8213 0.0504 
CAV 0.8705 0.9259 0.8909 0.0464 
DSI T1 0.8193 0.8900 0.8312 0.0480 
DSI T2 0.8513 0.9131 0.8796 0.0534 
DSI T3 0.8393 0.9144 0.8538 0.0652 
DSI T4 0.8610 0.9230 0.8673 0.0543 
DSI T5 0.8597 0.9228 0.8771 0.0611 
DSI T6 0.8583 0.9313 0.8776 0.0576 
DSI T7 0.8660 0.9231 0.8777 0.0557 
DSI T8 0.8408 0.8984 0.8431 0.0498 
EDA 0.7380 0.8082 0.7312 0.0366 
Ialpha 0.8677 0.9229 0.8803 0.0455 
Ic 0.8266 0.8990 0.8378 0.0607 
Lc T1 0.7177 0.7964 0.7061 0.0386 
Lc T2 0.7116 0.7881 0.7068 0.0406 
Lc T3 0.7119 0.7876 0.7025 0.0408 
Lc T4 0.7190 0.7926 0.7082 0.0359 
Lc T5 0.7238 0.7947 0.7029 0.0427 
Lc T6 0.7156 0.7877 0.7009 0.0370 
Lc T7 0.7102 0.7983 0.6967 0.0419 
Lc T8 0.7158 0.7933 0.7023 0.0366 
RSI T1 0.7954 0.8705 0.7932 0.0469 
RSI T2 0.8250 0.8711 0.8394 0.0400 
RSI T3 0.8183 0.8954 0.8287 0.0586 
247 
 
RSI T4 0.8414 0.8958 0.8512 0.0443 
RSI T5 0.8334 0.8952 0.8466 0.0555 
RSI T6 0.8356 0.9000 0.8589 0.0548 
RSI T7 0.8336 0.9010 0.8402 0.0524 
RSI T8 0.8350 0.8988 0.8388 0.0512 
SD 0.5986 0.8045 0.6973 0.2704 
SMA 0.8461 0.9228 0.8560 0.0487 
PGA 0.8410 0.9252 0.8549 0.0497 
PHA_PHV 0.7341 0.8149 0.7376 0.0613 
RMS 0.6287 0.8594 0.7267 0.2849 
VSI T1 0.7591 0.8465 0.7651 0.0490 
VSI T2 0.8215 0.9048 0.8371 0.0477 
VSI T3 0.8198 0.9044 0.8301 0.0562 
VSI T4 0.8251 0.8897 0.8260 0.0490 
VSI T5 0.8338 0.9131 0.8308 0.0487 
VSI T6 0.8414 0.8985 0.8440 0.0452 
VSI T7 0.8295 0.8938 0.8294 0.0502 





Table F-3 AUC value averages, maximums, medians, and standard deviations for all 
single block models with shear stiffness 2.0 GPa 
 




ASI T1 0.8954 0.9282 0.8962 0.0246 
ASI T2 0.9049 0.9296 0.8983 0.0174 
ASI T3 0.9059 0.9305 0.9102 0.0178 
ASI T4 0.9023 0.9281 0.9043 0.0195 
ASI T5 0.9017 0.9288 0.9003 0.0239 
ASI T6 0.8973 0.9296 0.8987 0.0239 
ASI T7 0.9077 0.9311 0.9091 0.0171 
ASI T8 0.9118 0.9306 0.9177 0.0161 
DSI T1 0.9040 0.9306 0.8968 0.0179 
DSI T2 0.9121 0.9364 0.9163 0.0227 
DSI T3 0.9173 0.9403 0.9157 0.0156 
DSI T4 0.9262 0.9456 0.9278 0.0113 
DSI T5 0.9292 0.9417 0.9293 0.0099 
DSI T6 0.9283 0.9430 0.9292 0.0098 
DSI T7 0.9305 0.9450 0.9321 0.0104 
DSI T8 0.9225 0.9380 0.9266 0.0112 
EDA 0.9077 0.9276 0.9123 0.0166 
Ialpha 0.9105 0.9331 0.9147 0.0184 
Ic 0.9036 0.9328 0.8980 0.0209 
Lc T1 0.9043 0.9265 0.9072 0.0170 
Lc T2 0.9042 0.9295 0.9033 0.0179 
Lc T3 0.9003 0.9276 0.9044 0.0204 
Lc T4 0.9021 0.9279 0.8989 0.0210 
Lc T5 0.8982 0.9292 0.8926 0.0190 
Lc T6 0.9009 0.9278 0.9013 0.0186 
Lc T7 0.9021 0.9276 0.9016 0.0144 
Lc T8 0.9022 0.9220 0.9008 0.0168 
PGA 0.8980 0.9306 0.8933 0.0229 
PP 0.9032 0.9355 0.9019 0.0224 
PHV/PHV 0.9060 0.9274 0.9059 0.0135 
RMS 0.8241 0.8728 0.8261 0.0357 
RSI T1 0.8971 0.9306 0.8972 0.0290 
RSI T2 0.9091 0.9359 0.9175 0.0236 
249 
 
RSI T3 0.9108 0.9356 0.9140 0.0171 
RSI T4 0.9238 0.9378 0.9236 0.0110 
RSI T5 0.9188 0.9331 0.9163 0.0117 
RSI T6 0.9266 0.9386 0.9267 0.0087 
RSI T7 0.9234 0.9394 0.9246 0.0117 
RSI T8 0.9274 0.9451 0.9280 0.0117 
SD 0.8190 0.8588 0.8340 0.0443 
SMA 0.9057 0.9349 0.9005 0.0188 
VSI T1 0.8993 0.9315 0.9000 0.0264 
VSI T2 0.9106 0.9286 0.9092 0.0127 
VSI T3 0.9113 0.9388 0.9147 0.0160 
VSI T4 0.9196 0.9391 0.9188 0.0126 
VSI T5 0.9221 0.9346 0.9221 0.0096 
VSI T6 0.9250 0.9371 0.9273 0.0091 
VSI T7 0.9199 0.9373 0.9209 0.0123 
VSI T8 0.9195 0.9379 0.9188 0.0100 
EDA 
ASI T1 0.7774 0.8308 0.7851 0.0435 
ASI T2 0.8095 0.8520 0.8127 0.0389 
ASI T3 0.8274 0.8671 0.8423 0.0420 
ASI T4 0.8257 0.8677 0.8402 0.0391 
ASI T5 0.8179 0.8642 0.8307 0.0407 
ASI T6 0.8174 0.8625 0.8191 0.0362 
ASI T7 0.8269 0.8660 0.8415 0.0428 
ASI T8 0.8222 0.8634 0.8227 0.0376 
CAV 0.9133 0.9346 0.9129 0.0136 
DSI T1 0.8558 0.9027 0.8457 0.0266 
DSI T2 0.8784 0.9101 0.8727 0.0231 
DSI T3 0.9010 0.9317 0.9012 0.0197 
DSI T4 0.9126 0.9367 0.9146 0.0152 
DSI T5 0.9162 0.9374 0.9174 0.0176 
DSI T6 0.9195 0.9413 0.9191 0.0118 
DSI T7 0.9205 0.9423 0.9219 0.0104 
DSI T8 0.8978 0.9192 0.9094 0.0210 
Ialpha 0.9047 0.9264 0.9001 0.0159 
Ic 0.8667 0.9079 0.8668 0.0299 
Lc T1 0.6914 0.7199 0.6972 0.0241 
Lc T2 0.6922 0.7524 0.6901 0.0291 
Lc T3 0.6926 0.7375 0.6979 0.0290 
250 
 
Lc T4 0.6888 0.7356 0.6897 0.0248 
Lc T5 0.6948 0.7313 0.6999 0.0283 
Lc T6 0.6928 0.7401 0.6903 0.0315 
Lc T7 0.6962 0.7444 0.6946 0.0274 
Lc T8 0.6942 0.7247 0.6992 0.0272 
PGA 0.8425 0.8799 0.8481 0.0321 
PGA/PHV 0.7498 0.8443 0.7315 0.0498 
PP 0.6622 0.6982 0.6571 0.0194 
RMS 0.7345 0.7849 0.7347 0.0386 
RSI T1 0.8060 0.8559 0.8151 0.0354 
RSI T2 0.8478 0.8836 0.8629 0.0349 
RSI T3 0.8666 0.9065 0.8744 0.0323 
RSI T4 0.8827 0.9138 0.8888 0.0200 
RSI T5 0.8884 0.9127 0.8867 0.0210 
RSI T6 0.8927 0.9291 0.8907 0.0168 
RSI T7 0.8877 0.9252 0.8913 0.0253 
RSI T8 0.8921 0.9207 0.8971 0.0233 
SD 0.7092 0.7562 0.7177 0.0413 
SMA 0.8503 0.8963 0.8570 0.0351 
VSI T1 0.7914 0.8440 0.8022 0.0413 
VSI T2 0.8396 0.8722 0.8558 0.0351 
VSI T3 0.8568 0.8987 0.8610 0.0333 
VSI T4 0.8669 0.9038 0.8731 0.0277 
VSI T5 0.8831 0.9113 0.8867 0.0211 
VSI T6 0.8953 0.9149 0.9022 0.0205 
VSI T7 0.8784 0.9040 0.8885 0.0243 
VSI T8 0.8785 0.9159 0.8888 0.0304 
PGA 
ASI T1 0.8204 0.8748 0.8282 0.0398 
ASI T2 0.8368 0.8889 0.8453 0.0399 
ASI T3 0.8482 0.8779 0.8478 0.0223 
ASI T4 0.8513 0.8827 0.8478 0.0251 
ASI T5 0.8466 0.8828 0.8484 0.0255 
ASI T6 0.8494 0.8848 0.8492 0.0229 
ASI T7 0.8566 0.8910 0.8509 0.0231 
ASI T8 0.8474 0.8770 0.8503 0.0242 
CAV 0.9093 0.9288 0.9159 0.0160 
DSI T1 0.8337 0.8708 0.8370 0.0300 
DSI T2 0.8741 0.9086 0.8792 0.0291 
251 
 
DSI T3 0.8982 0.9401 0.9044 0.0261 
DSI T4 0.9157 0.9355 0.9182 0.0122 
DSI T5 0.9211 0.9356 0.9250 0.0115 
DSI T6 0.9214 0.9443 0.9207 0.0198 
DSI T7 0.9204 0.9369 0.9236 0.0141 
DSI T8 0.9166 0.9479 0.9146 0.0191 
EDA 0.8676 0.8928 0.8739 0.0194 
Ic 0.8492 0.8857 0.8550 0.0313 
I alpha 0.9121 0.9404 0.9118 0.0156 
Lc T1 0.8665 0.8898 0.8583 0.0166 
Lc T2 0.8596 0.8908 0.8566 0.0230 
Lc T3 0.8684 0.9098 0.8616 0.0244 
Lc T4 0.8626 0.8905 0.8580 0.0226 
Lc T5 0.8661 0.8857 0.8599 0.0133 
Lc T6 0.8692 0.9149 0.8595 0.0212 
Lc T7 0.7572 0.7944 0.7555 0.0261 
Lc T8 0.8580 0.8841 0.8613 0.0212 
PGA/PHV 0.8527 0.8839 0.8477 0.0202 
PP 0.8634 0.8977 0.8603 0.0150 
RMS 0.7336 0.7887 0.7377 0.0378 
RSI T1 0.8250 0.8655 0.8269 0.0301 
RSI T2 0.8614 0.8965 0.8695 0.0275 
RSI T3 0.8804 0.9131 0.8841 0.0253 
RSI T4 0.9027 0.9250 0.9032 0.0174 
RSI T5 0.9133 0.9345 0.9141 0.0131 
RSI T6 0.9142 0.9370 0.9179 0.0156 
RSI T7 0.9084 0.9299 0.9095 0.0187 
RSI T8 0.9058 0.9323 0.9062 0.0154 
SD 0.7078 0.7546 0.7181 0.0439 
SMA 0.8305 0.8636 0.8505 0.0369 
VSI T1 0.8205 0.8542 0.8292 0.0321 
VSI T2 0.8475 0.8796 0.8601 0.0290 
VSI T3 0.8660 0.9035 0.8680 0.0273 
VSI T4 0.8865 0.9160 0.8882 0.0178 
VSI T5 0.9008 0.9272 0.9018 0.0186 
VSI T6 0.9156 0.9301 0.9188 0.0142 
VSI T7 0.8915 0.9279 0.8865 0.0217 
VSI T8 0.8996 0.9208 0.8993 0.0153 
252 
 
PHV/PHA PGA/PHV 0.7620 0.8384 0.7695 0.0403 
RMS 
ASI T1 0.5937 0.6690 0.5832 0.0460 
ASI T2 0.6253 0.6774 0.6224 0.0356 
ASI T3 0.6760 0.7791 0.6579 0.0702 
ASI T4 0.6646 0.7449 0.6444 0.0459 
ASI T5 0.6710 0.7787 0.6720 0.0497 
ASI T6 0.6658 0.7149 0.6654 0.0396 
ASI T7 0.6684 0.7491 0.6521 0.0511 
ASI T8 0.6521 0.7434 0.6396 0.0469 
CAV 0.7691 0.8064 0.7648 0.0321 
DSI T1 0.6756 0.7445 0.6711 0.0429 
DSI T2 0.7197 0.8356 0.7377 0.0878 
DSI T3 0.7425 0.8508 0.7286 0.0486 
DSI T4 0.7839 0.8167 0.7857 0.0247 
DSI T5 0.7795 0.8131 0.7804 0.0234 
DSI T6 0.7839 0.8461 0.7856 0.0448 
DSI T7 0.7842 0.8275 0.7751 0.0199 
DSI T8 0.7664 0.8442 0.7472 0.0421 
EDA 0.5267 0.6390 0.5644 0.0824 
Ic 0.6864 0.7747 0.6852 0.0452 
I alpha 0.7713 0.8519 0.7791 0.0479 
Lc T1 0.4926 0.5809 0.4796 0.0619 
Lc T2 0.4831 0.5673 0.4876 0.0733 
Lc T3 0.4853 0.5742 0.4983 0.0657 
Lc T4 0.4859 0.5744 0.4887 0.0657 
Lc T5 0.4917 0.5539 0.5033 0.0601 
Lc T6 0.4841 0.5795 0.4947 0.0639 
Lc T7 0.4896 0.6122 0.4763 0.0708 
Lc T8 0.4945 0.5451 0.4862 0.0401 
PGA/PHV 0.5773 0.6593 0.5765 0.0436 
PGA 0.6894 0.7825 0.7132 0.0661 
PP 0.4882 0.5888 0.5241 0.0737 
RSI T1 0.6251 0.7628 0.6064 0.0571 
RSI T2 0.6753 0.7733 0.6627 0.0743 
RSI T3 0.7236 0.8259 0.7045 0.0641 
RSI T4 0.7361 0.8097 0.7222 0.0535 
RSI T5 0.7509 0.8351 0.7424 0.0352 
RSI T6 0.7502 0.8402 0.7643 0.0616 
253 
 
RSI T7 0.7561 0.8269 0.7674 0.0503 
RSI T8 0.7603 0.8258 0.7668 0.0511 
SD 0.7388 0.7895 0.7634 0.0550 
SMA 0.6748 0.7731 0.6560 0.0582 
VSI T1 0.6137 0.6820 0.6104 0.0392 
VSI T2 0.6774 0.7565 0.6640 0.0566 
VSI T3 0.7036 0.7625 0.7081 0.0459 
VSI T4 0.7195 0.7848 0.7233 0.0455 
VSI T5 0.7593 0.8081 0.7629 0.0371 
VSI T6 0.7676 0.8332 0.7692 0.0342 
VSI T7 0.7057 0.7731 0.7153 0.0460 
VSI T8 0.7353 0.8174 0.7235 0.0488 
SD 
ASI T1 0.7113 0.7970 0.7094 0.0446 
ASI T2 0.7288 0.7685 0.7333 0.0351 
ASI T3 0.7457 0.7925 0.7400 0.0307 
ASI T4 0.7571 0.7936 0.7598 0.0315 
ASI T5 0.7510 0.7907 0.7560 0.0296 
ASI T6 0.7536 0.7836 0.7678 0.0290 
ASI T7 0.7580 0.8017 0.7483 0.0273 
ASI T8 0.7532 0.7849 0.7510 0.0231 
CAV 0.8207 0.8775 0.8396 0.0604 
DSI T1 0.7172 0.7668 0.7197 0.0294 
DSI T2 0.7269 0.8058 0.7470 0.0514 
DSI T3 0.7722 0.8351 0.7720 0.0493 
DSI T4 0.8099 0.8663 0.8380 0.0568 
DSI T5 0.8200 0.8883 0.8447 0.0637 
DSI T6 0.8311 0.8980 0.8433 0.0619 
DSI T7 0.8124 0.8757 0.8388 0.0549 
DSI T8 0.7895 0.8486 0.8131 0.0592 
EDA 0.7278 0.7799 0.7222 0.0380 
Ialpha 0.7803 0.8334 0.7941 0.0480 
Ic 0.7262 0.7980 0.7320 0.0432 
Lc T1 0.7819 0.8255 0.7962 0.0492 
Lc T2 0.7615 0.8095 0.7781 0.0450 
Lc T3 0.7632 0.8234 0.7749 0.0437 
Lc T4 0.7613 0.8168 0.7739 0.0483 
Lc T5 0.7671 0.8120 0.7856 0.0485 
Lc T6 0.7609 0.8222 0.7692 0.0450 
254 
 
Lc T7 0.7669 0.8013 0.7842 0.0458 
Lc T8 0.7837 0.8332 0.7976 0.0503 
RSI T1 0.7172 0.7606 0.7246 0.0316 
RSI T2 0.7266 0.7875 0.7284 0.0445 
RSI T3 0.7548 0.8258 0.7779 0.0588 
RSI T4 0.7913 0.8560 0.8142 0.0594 
RSI T5 0.8132 0.8821 0.8429 0.0676 
RSI T6 0.8262 0.8873 0.8644 0.0629 
RSI T7 0.7751 0.8485 0.7803 0.0589 
RSI T8 0.7759 0.8203 0.7963 0.0478 
SMA 0.7610 0.7967 0.7566 0.0250 
PHV/PHA 0.7869 0.8364 0.7977 0.0437 
PGA 0.7730 0.8042 0.7664 0.0231 
PP 0.8329 0.8867 0.8601 0.0626 
RMS 0.7377 0.7708 0.7602 0.0363 
VSI T1 0.7018 0.7712 0.7100 0.0439 
VSI T2 0.7171 0.7522 0.7207 0.0303 
VSI T3 0.7369 0.7790 0.7539 0.0427 
VSI T4 0.7693 0.8112 0.7797 0.0437 
VSI T5 0.7823 0.8368 0.8066 0.0590 
VSI T6 0.8040 0.8622 0.8272 0.0609 
VSI T7 0.7739 0.8219 0.7918 0.0452 
VSI T8 0.7739 0.8119 0.7982 0.0462 
SMA 
ASI T1 0.8333 0.8775 0.8406 0.0395 
ASI T2 0.8320 0.8858 0.8369 0.0401 
ASI T3 0.8532 0.8835 0.8614 0.0255 
ASI T4 0.8491 0.8893 0.8451 0.0227 
ASI T5 0.8482 0.8928 0.8496 0.0289 
ASI T6 0.8488 0.8765 0.8471 0.0227 
ASI T7 0.8549 0.8898 0.8657 0.0277 
ASI T8 0.8442 0.8778 0.8488 0.0261 
CAV 0.9136 0.9283 0.9226 0.0156 
DSI T1 0.8395 0.8740 0.8477 0.0314 
DSI T2 0.8750 0.9237 0.8837 0.0340 
DSI T3 0.8975 0.9271 0.9026 0.0237 
DSI T4 0.9190 0.9427 0.9225 0.0193 
DSI T5 0.9238 0.9408 0.9285 0.0137 
DSI T6 0.9276 0.9503 0.9306 0.0151 
255 
 
DSI T7 0.9222 0.9431 0.9242 0.0157 
DSI T8 0.9163 0.9314 0.9222 0.0175 
EDA 0.7273 0.7858 0.7198 0.0339 
Ialpha 0.9092 0.9270 0.9112 0.0149 
Ic 0.8524 0.8943 0.8570 0.0368 
Lc T1 0.8601 0.8963 0.8586 0.0258 
Lc T2 0.8737 0.8982 0.8743 0.0180 
Lc T3 0.8690 0.8948 0.8752 0.0235 
Lc T4 0.8625 0.9064 0.8566 0.0247 
Lc T5 0.8706 0.8994 0.8636 0.0220 
Lc T6 0.8710 0.9044 0.8635 0.0249 
Lc T7 0.8667 0.9031 0.8688 0.0227 
Lc T8 0.8632 0.9017 0.8603 0.0294 
RSI T1 0.8295 0.8691 0.8272 0.0330 
RSI T2 0.8600 0.9072 0.8627 0.0330 
RSI T3 0.8873 0.9137 0.9005 0.0265 
RSI T4 0.9041 0.9282 0.9045 0.0192 
RSI T5 0.9121 0.9327 0.9173 0.0136 
RSI T6 0.9168 0.9349 0.9192 0.0143 
RSI T7 0.9100 0.9331 0.9110 0.0200 
RSI T8 0.9064 0.9314 0.9088 0.0194 
SD 0.7113 0.7621 0.7116 0.0405 
PHV/PHA 0.8696 0.8970 0.8714 0.0197 
PGA 0.8248 0.8685 0.8451 0.0384 
PP 0.8635 0.9104 0.8538 0.0292 
RMS 0.7246 0.7694 0.7278 0.0369 
VSI T1 0.8309 0.8739 0.8371 0.0360 
VSI T2 0.8550 0.9029 0.8666 0.0335 
VSI T3 0.8718 0.9061 0.8787 0.0292 
VSI T4 0.8957 0.9290 0.9055 0.0267 
VSI T5 0.9093 0.9293 0.9108 0.0159 
VSI T6 0.9094 0.9262 0.9158 0.0130 
VSI T7 0.8949 0.9262 0.8925 0.0218 
VSI T8 0.9013 0.9289 0.9015 0.0210 
PHV/PHA 
ASI T1 0.7637 0.8108 0.7741 0.0416 
ASI T2 0.7922 0.8365 0.8068 0.0395 
ASI T3 0.8117 0.8459 0.8380 0.0430 
ASI T4 0.8003 0.8467 0.8069 0.0433 
256 
 
ASI T5 0.7970 0.8474 0.8019 0.0395 
ASI T6 0.8045 0.8467 0.8162 0.0424 
ASI T7 0.8069 0.8515 0.8177 0.0383 
ASI T8 0.8004 0.8461 0.8157 0.0390 
CAV 0.9108 0.9311 0.9148 0.0132 
DSI T1 0.8296 0.8805 0.8237 0.0306 
DSI T2 0.8714 0.9014 0.8793 0.0264 
DSI T3 0.8886 0.9190 0.8891 0.0201 
DSI T4 0.9089 0.9337 0.9111 0.0127 
DSI T5 0.9163 0.9395 0.9164 0.0161 
DSI T6 0.9155 0.9441 0.9144 0.0161 
DSI T7 0.9136 0.9362 0.9149 0.0121 
DSI T8 0.8935 0.9123 0.8996 0.0183 
EDA 0.7657 0.8137 0.7545 0.0303 
Ialpha 0.9027 0.9265 0.9041 0.0175 
Ic 0.8525 0.8923 0.8433 0.0288 
Lc T1 0.8504 0.8765 0.8492 0.0172 
Lc T2 0.8537 0.8781 0.8505 0.0147 
Lc T3 0.8581 0.8761 0.8527 0.0114 
Lc T4 0.8601 0.8782 0.8543 0.0111 
Lc T5 0.8639 0.8828 0.8667 0.0153 
Lc T6 0.8580 0.8827 0.8533 0.0151 
Lc T7 0.8578 0.8836 0.8515 0.0141 
Lc T8 0.8609 0.8796 0.8584 0.0131 
RSI T1 0.7830 0.8407 0.7864 0.0378 
RSI T2 0.8333 0.8709 0.8361 0.0319 
RSI T3 0.8609 0.9014 0.8640 0.0296 
RSI T4 0.8808 0.9102 0.8890 0.0210 
RSI T5 0.8912 0.9133 0.8959 0.0182 
RSI T6 0.8942 0.9255 0.8915 0.0170 
RSI T7 0.8847 0.9078 0.8914 0.0228 
RSI T8 0.8883 0.9137 0.8960 0.0216 
SD 0.7105 0.7729 0.7284 0.0558 
SMA 0.8268 0.8677 0.8315 0.0330 
PGA 0.8208 0.8619 0.8235 0.0295 
PP 0.7216 0.7734 0.7368 0.0414 
RMS 0.7312 0.7913 0.7347 0.0381 
VSI T1 0.7683 0.8206 0.7696 0.0363 
257 
 
VSI T2 0.8207 0.8644 0.8363 0.0363 
VSI T3 0.8533 0.8885 0.8599 0.0321 
VSI T4 0.8670 0.8979 0.8765 0.0277 
VSI T5 0.8797 0.9045 0.8841 0.0208 
VSI T6 0.8890 0.9099 0.8939 0.0174 
VSI T7 0.8663 0.8988 0.8763 0.0277 
VSI T8 0.8710 0.9012 0.8801 0.0264 
PP 
ASI T1 0.7776 0.8308 0.7961 0.0380 
ASI T2 0.8016 0.8385 0.8087 0.0313 
ASI T3 0.8208 0.8572 0.8310 0.0321 
ASI T4 0.8205 0.8594 0.8259 0.0337 
ASI T5 0.8099 0.8539 0.8136 0.0304 
ASI T6 0.8178 0.8534 0.8242 0.0284 
ASI T7 0.8184 0.8557 0.8286 0.0319 
ASI T8 0.8123 0.8639 0.8191 0.0346 
CAV 0.9031 0.9277 0.9046 0.0175 
DSI T1 0.8527 0.8902 0.8454 0.0221 
DSI T2 0.8766 0.9142 0.8766 0.0253 
DSI T3 0.8983 0.9276 0.8970 0.0174 
DSI T4 0.9098 0.9337 0.9113 0.0172 
DSI T5 0.9141 0.9375 0.9150 0.0161 
DSI T6 0.9143 0.9428 0.9144 0.0174 
DSI T7 0.9128 0.9375 0.9110 0.0147 
DSI T8 0.8885 0.9184 0.8922 0.0197 
EDA 0.7212 0.7419 0.7252 0.0201 
Ialpha 0.9003 0.9259 0.8949 0.0178 
Ic 0.8683 0.9059 0.8591 0.0253 
Lc T1 0.6852 0.7170 0.6860 0.0198 
Lc T2 0.6869 0.7147 0.6902 0.0214 
Lc T3 0.6880 0.7210 0.6963 0.0246 
Lc T4 0.6923 0.7237 0.7001 0.0219 
Lc T5 0.6902 0.7184 0.6934 0.0210 
Lc T6 0.6905 0.7288 0.6869 0.0271 
Lc T7 0.6886 0.7174 0.6943 0.0233 
Lc T8 0.6894 0.7195 0.6898 0.0265 
RSI T1 0.8040 0.8603 0.8050 0.0334 
RSI T2 0.8431 0.8804 0.8433 0.0289 
RSI T3 0.8645 0.9003 0.8671 0.0249 
258 
 
RSI T4 0.8790 0.9125 0.8851 0.0217 
RSI T5 0.8911 0.9088 0.8959 0.0180 
RSI T6 0.8828 0.9178 0.8807 0.0195 
RSI T7 0.8829 0.9086 0.8890 0.0200 
RSI T8 0.8893 0.9196 0.8937 0.0213 
SD 0.8208 0.8752 0.8525 0.0689 
SMA 0.8483 0.8927 0.8476 0.0286 
PGA 0.8360 0.8810 0.8344 0.0244 
PHA_PHV 0.7437 0.8347 0.7388 0.0449 
RMS 0.7997 0.8612 0.8151 0.0528 
VSI T1 0.7921 0.8438 0.7976 0.0365 
VSI T2 0.8362 0.8756 0.8451 0.0321 
VSI T3 0.8574 0.8943 0.8668 0.0297 
VSI T4 0.8698 0.8991 0.8751 0.0253 
VSI T5 0.8804 0.9117 0.8841 0.0239 
VSI T6 0.8848 0.9044 0.8878 0.0165 
VSI T7 0.8746 0.9065 0.8810 0.0236 





Table F-4 AUC value averages, maximums, medians and standard deviations for all 
dual block models, shear stiffness 1.0 GPa  
 




ASI T1 0.9003 0.9307 0.9011 0.0217 
ASI T2 0.8968 0.9288 0.9009 0.0248 
ASI T3 0.9010 0.9289 0.9014 0.0213 
ASI T4 0.9027 0.9347 0.9029 0.0206 
ASI T5 0.9007 0.9296 0.9029 0.0205 
ASI T6 0.9012 0.9317 0.9000 0.0194 
ASI T7 0.9027 0.9366 0.9056 0.0195 
ASI T8 0.9029 0.9266 0.9082 0.0191 
DSI T1 0.8998 0.9290 0.9026 0.0222 
DSI T2 0.8966 0.9463 0.9037 0.0343 
DSI T3 0.9034 0.9752 0.9123 0.0433 
DSI T4 0.9103 0.9655 0.9196 0.0404 
DSI T5 0.9156 0.9680 0.9247 0.0340 
DSI T6 0.9164 0.9500 0.9234 0.0270 
DSI T7 0.9120 0.9601 0.9224 0.0371 
DSI T8 0.9088 0.9645 0.9169 0.0369 
EDA 0.8964 0.9332 0.8946 0.0216 
Ialpha 0.8971 0.9327 0.9011 0.0287 
Ic 0.8773 0.9004 0.8808 0.0190 
Lc T1 0.8794 0.9003 0.8841 0.0192 
Lc T2 0.8736 0.9110 0.8751 0.0242 
Lc T3 0.8754 0.9109 0.8810 0.0219 
Lc T4 0.8743 0.9027 0.8831 0.0228 
Lc T5 0.8720 0.9060 0.8749 0.0209 
Lc T6 0.8702 0.9008 0.8754 0.0223 
Lc T7 0.8719 0.8960 0.8790 0.0216 
Lc T8 0.8818 0.9039 0.8882 0.0196 
PGA 0.9014 0.9342 0.9070 0.0224 
PP 0.9093 0.9480 0.9113 0.0223 
PHV/PHV 0.8928 0.9285 0.8976 0.0203 
RMS 0.8727 0.9100 0.8699 0.0200 
RSI T1 0.8954 0.9269 0.9008 0.0249 
RSI T2 0.8989 0.9762 0.9101 0.0349 
260 
 
RSI T3 0.9016 0.9649 0.9095 0.0413 
RSI T4 0.9070 0.9526 0.9162 0.0390 
RSI T5 0.9129 0.9617 0.9226 0.0322 
RSI T6 0.9129 0.9617 0.9226 0.0322 
RSI T7 0.9080 0.9624 0.9151 0.0401 
RSI T8 0.9064 0.9531 0.9105 0.0377 
SD 0.8718 0.8984 0.8769 0.0224 
SMA 0.8975 0.9314 0.9036 0.0239 
VSI T1 0.8803 0.9163 0.8837 0.0250 
VSI T2 0.8964 0.9485 0.9037 0.0314 
VSI T3 0.8982 0.9502 0.9068 0.0410 
VSI T4 0.9046 0.9778 0.9148 0.0392 
VSI T5 0.9060 0.9551 0.9182 0.0376 
VSI T6 0.9089 0.9491 0.9159 0.0368 
VSI T7 0.9028 0.9537 0.9128 0.0383 
VSI T8 0.9032 0.9535 0.9075 0.0388 
EDA 
ASI T1 0.7715 0.8347 0.7730 0.0405 
ASI T2 0.8050 0.8647 0.8016 0.0356 
ASI T3 0.8293 0.9197 0.8213 0.0327 
ASI T4 0.8303 0.8952 0.8254 0.0284 
ASI T5 0.8254 0.8699 0.8239 0.0268 
ASI T6 0.8271 0.8746 0.8281 0.0262 
ASI T7 0.8346 0.9007 0.8307 0.0268 
ASI T8 0.8283 0.9085 0.8218 0.0292 
CAV 0.8968 0.9300 0.8984 0.0266 
DSI T1 0.8478 0.8976 0.8640 0.0337 
DSI T2 0.8703 0.9502 0.8618 0.0462 
DSI T3 0.8940 0.9491 0.8888 0.0415 
DSI T4 0.9059 0.9480 0.9097 0.0333 
DSI T5 0.9130 0.9440 0.9238 0.0260 
DSI T6 0.9148 0.9460 0.9188 0.0195 
DSI T7 0.9112 0.9553 0.9184 0.0313 
DSI T8 0.8904 0.9474 0.8931 0.0293 
Ialpha 0.8321 0.8717 0.8399 0.0256 
Ic 0.7611 0.8900 0.7584 0.0450 
Lc T1 0.7669 0.8276 0.7751 0.0375 
Lc T2 0.7604 0.8196 0.7718 0.0434 
Lc T3 0.7548 0.8190 0.7685 0.0470 
261 
 
Lc T4 0.7477 0.8120 0.7672 0.0483 
Lc T5 0.7427 0.8191 0.7516 0.0508 
Lc T6 0.7419 0.8117 0.7521 0.0485 
Lc T7 0.7507 0.8203 0.7597 0.0471 
Lc T8 0.7699 0.8231 0.7836 0.0368 
PGA 0.8355 0.8869 0.8481 0.0372 
PGA/PHV 0.8180 0.8883 0.8260 0.0371 
PP 0.8098 0.8555 0.8108 0.0359 
RMS 0.7700 0.8507 0.7666 0.0364 
RSI T1 0.8051 0.8603 0.7943 0.0345 
RSI T2 0.8389 0.9371 0.8426 0.0420 
RSI T3 0.8626 0.9553 0.8525 0.0430 
RSI T4 0.8782 0.9298 0.8784 0.0323 
RSI T5 0.8861 0.9420 0.8882 0.0276 
RSI T6 0.8875 0.9205 0.8879 0.0210 
RSI T7 0.8809 0.9401 0.8799 0.0330 
RSI T8 0.8862 0.9492 0.8852 0.0338 
SD 0.7353 0.8479 0.7300 0.0358 
SMA 0.7181 0.8261 0.7155 0.0433 
VSI T1 0.7779 0.8366 0.7699 0.0364 
VSI T2 0.8237 0.9258 0.8208 0.0439 
VSI T3 0.8501 0.9318 0.8470 0.0451 
VSI T4 0.8631 0.9340 0.8555 0.0387 
VSI T5 0.8798 0.9462 0.8807 0.0342 
VSI T6 0.8846 0.9375 0.8936 0.0281 
VSI T7 0.8691 0.9277 0.8660 0.0368 
VSI T8 0.9032 0.9535 0.9075 0.0388 
PGA 
ASI T1 0.7696 0.8611 0.7631 0.0634 
ASI T2 0.7874 0.9015 0.7758 0.0683 
ASI T3 0.8223 0.9250 0.8112 0.0596 
ASI T4 0.8219 0.9168 0.8198 0.0478 
ASI T5 0.8225 0.9218 0.8227 0.0487 
ASI T6 0.8306 0.9100 0.8281 0.0414 
ASI T7 0.8315 0.9298 0.8210 0.0503 
ASI T8 0.8239 0.9100 0.8208 0.0487 
CAV 0.8921 0.9271 0.8907 0.0235 
DSI T1 0.7902 0.8786 0.7870 0.0544 
DSI T2 0.8489 0.9448 0.8403 0.0601 
262 
 
DSI T3 0.8773 0.9656 0.8774 0.0542 
DSI T4 0.9016 0.9526 0.9127 0.0384 
DSI T5 0.9153 0.9590 0.9197 0.0282 
DSI T6 0.9199 0.9480 0.9220 0.0206 
DSI T7 0.9116 0.9653 0.9168 0.0344 
DSI T8 0.8892 0.9606 0.9010 0.0511 
EDA 0.8521 0.8996 0.8529 0.0301 
Ic 0.7327 0.8418 0.7334 0.0495 
I alpha 0.8763 0.9078 0.8844 0.0244 
Lc T1 0.8122 0.8728 0.8115 0.0319 
Lc T2 0.8083 0.8599 0.8139 0.0259 
Lc T3 0.8017 0.8334 0.8068 0.0245 
Lc T4 0.7994 0.8418 0.7997 0.0254 
Lc T5 0.7961 0.8712 0.7998 0.0308 
Lc T6 0.7936 0.8502 0.7910 0.0281 
Lc T7 0.8006 0.8336 0.8048 0.0253 
Lc T8 0.8161 0.8886 0.8162 0.0328 
PGA/PHV 0.8226 0.9009 0.8211 0.0338 
PP 0.8558 0.9038 0.8556 0.0292 
RMS 0.7522 0.8361 0.7395 0.0408 
RSI T1 0.7699 0.8759 0.7814 0.0689 
RSI T2 0.8215 0.9427 0.8010 0.0761 
RSI T3 0.8472 0.9595 0.8417 0.0721 
RSI T4 0.8763 0.9567 0.8877 0.0581 
RSI T5 0.8893 0.9571 0.8995 0.0487 
RSI T6 0.8957 0.9360 0.9114 0.0374 
RSI T7 0.8750 0.9459 0.8838 0.0573 
RSI T8 0.8809 0.9608 0.8907 0.0535 
SD 0.7219 0.8146 0.7229 0.0352 
SMA 0.7263 0.8414 0.7179 0.0503 
VSI T1 0.7660 0.8802 0.7618 0.0670 
VSI T2 0.8014 0.9392 0.7904 0.0795 
VSI T3 0.8316 0.9497 0.8279 0.0775 
VSI T4 0.8528 0.9517 0.8571 0.0669 
VSI T5 0.8744 0.9478 0.8861 0.0575 
VSI T6 0.8874 0.9431 0.9036 0.0450 
VSI T7 0.8603 0.9575 0.8713 0.0675 
VSI T8 0.8688 0.9438 0.8822 0.0584 
263 
 
PHV/PHA PGA/PHV 0.7952 0.8721 0.8026 0.0507 
RMS 
ASI T1 0.7580 0.8558 0.7619 0.0391 
ASI T2 0.7630 0.8749 0.7623 0.0442 
ASI T3 0.7705 0.8779 0.7777 0.0477 
ASI T4 0.7698 0.8542 0.7781 0.0431 
ASI T5 0.7711 0.8551 0.7760 0.0410 
ASI T6 0.7729 0.8955 0.7716 0.0422 
ASI T7 0.7728 0.8611 0.7776 0.0455 
ASI T8 0.7695 0.8895 0.7800 0.0455 
CAV 0.7605 0.8353 0.7620 0.0390 
DSI T1 0.6278 0.7604 0.6406 0.0804 
DSI T2 0.6816 0.8961 0.6774 0.0857 
DSI T3 0.7107 0.8976 0.6986 0.0864 
DSI T4 0.7497 0.8764 0.7444 0.0727 
DSI T5 0.7641 0.8444 0.7728 0.0547 
DSI T6 0.7848 0.8858 0.7861 0.0464 
DSI T7 0.7637 0.8981 0.7520 0.0814 
DSI T8 0.7408 0.8450 0.7460 0.0584 
EDA 0.8075 0.8899 0.8019 0.0346 
Ic 0.7472 0.8459 0.7399 0.0455 
I alpha 0.8319 0.8855 0.8431 0.0321 
Lc T1 0.8340 0.8798 0.8373 0.0283 
Lc T2 0.8283 0.8631 0.8326 0.0240 
Lc T3 0.8235 0.8574 0.8285 0.0240 
Lc T4 0.8205 0.8572 0.8292 0.0259 
Lc T5 0.8212 0.8601 0.8254 0.0251 
Lc T6 0.8209 0.8616 0.8269 0.0260 
Lc T7 0.8240 0.8618 0.8249 0.0241 
Lc T8 0.8356 0.8860 0.8393 0.0300 
PGA/PHV 0.8482 0.9195 0.8510 0.0320 
PGA 0.6292 0.7786 0.6276 0.0639 
PP 0.8698 0.9148 0.8795 0.0283 
RSI T1 0.5826 0.6968 0.5962 0.0615 
RSI T2 0.6514 0.8606 0.6396 0.0900 
RSI T3 0.6784 0.8671 0.6494 0.0876 
RSI T4 0.7075 0.8582 0.6710 0.0810 
RSI T5 0.7433 0.8279 0.7421 0.0495 
RSI T6 0.7684 0.8240 0.7678 0.0335 
264 
 
RSI T7 0.7134 0.8489 0.6962 0.0745 
RSI T8 0.7386 0.8590 0.7299 0.0724 
SD 0.7782 0.8422 0.7734 0.0302 
SMA 0.7653 0.8560 0.7644 0.0479 
VSI T1 0.5622 0.7062 0.5543 0.0602 
VSI T2 0.6246 0.7803 0.6116 0.0646 
VSI T3 0.6918 0.8954 0.6756 0.0936 
VSI T4 0.7121 0.8477 0.7196 0.0925 
VSI T5 0.7393 0.8722 0.7437 0.0741 
VSI T6 0.7717 0.8359 0.7715 0.0403 
VSI T7 0.7075 0.9280 0.6939 0.0913 
VSI T8 0.7185 0.9035 0.6985 0.0910 
SD 
ASI T1 0.7043 0.7874 0.7002 0.0316 
ASI T2 0.7442 0.8064 0.7396 0.0335 
ASI T3 0.7734 0.8528 0.7704 0.0305 
ASI T4 0.7765 0.8784 0.7744 0.0310 
ASI T5 0.7724 0.8360 0.7685 0.0243 
ASI T6 0.7712 0.8089 0.7743 0.0228 
ASI T7 0.7806 0.8561 0.7796 0.0300 
ASI T8 0.7677 0.8526 0.7660 0.0312 
CAV 0.8781 0.9082 0.8826 0.0238 
DSI T1 0.7397 0.8140 0.7369 0.0279 
DSI T2 0.7951 0.9019 0.7780 0.0458 
DSI T3 0.8372 0.9139 0.8329 0.0431 
DSI T4 0.8632 0.9216 0.8596 0.0397 
DSI T5 0.8799 0.9358 0.8827 0.0314 
DSI T6 0.8921 0.9357 0.8975 0.0274 
DSI T7 0.8754 0.9413 0.8736 0.0364 
DSI T8 0.8534 0.9224 0.8443 0.0313 
EDA 0.7689 0.8483 0.7677 0.0327 
Ialpha 0.8327 0.8881 0.8421 0.0301 
Ic 0.7605 0.8514 0.7514 0.0348 
Lc T1 0.8164 0.8868 0.8205 0.0305 
Lc T2 0.8096 0.8496 0.8146 0.0256 
Lc T3 0.8042 0.8489 0.8067 0.0273 
Lc T4 0.8104 0.8600 0.8089 0.0274 
Lc T5 0.8062 0.8588 0.8086 0.0262 
Lc T6 0.8028 0.8548 0.8055 0.0249 
265 
 
Lc T7 0.8069 0.8710 0.8109 0.0281 
Lc T8 0.8207 0.8690 0.8285 0.0331 
RSI T1 0.7236 0.8032 0.7206 0.0278 
RSI T2 0.7769 0.9112 0.7635 0.0495 
RSI T3 0.8187 0.9371 0.8061 0.0534 
RSI T4 0.8460 0.9506 0.8290 0.0431 
RSI T5 0.8699 0.9476 0.8597 0.0336 
RSI T6 0.8871 0.9496 0.8869 0.0272 
RSI T7 0.8297 0.9148 0.8160 0.0385 
RSI T8 0.8399 0.9342 0.8329 0.0366 
SMA 0.7353 0.8350 0.7233 0.0340 
PHV/PHA 0.8269 0.9110 0.8305 0.0351 
PGA 0.7395 0.8556 0.7285 0.0397 
PP 0.8745 0.9291 0.8779 0.0361 
RMS 0.7725 0.8568 0.7646 0.0263 
VSI T1 0.7078 0.7746 0.7022 0.0251 
VSI T2 0.7629 0.9068 0.7502 0.0469 
VSI T3 0.8020 0.9182 0.7961 0.0519 
VSI T4 0.8276 0.9382 0.8295 0.0469 
VSI T5 0.8495 0.9346 0.8391 0.0394 
VSI T6 0.8630 0.9247 0.8605 0.0303 
VSI T7 0.8323 0.9494 0.8256 0.0428 
VSI T8 0.8320 0.9348 0.8216 0.0424 
SMA 
ASI T1 0.7896 0.9178 0.7872 0.0702 
ASI T2 0.7911 0.9297 0.7795 0.0710 
ASI T3 0.8162 0.9141 0.7971 0.0591 
ASI T4 0.8210 0.9248 0.8133 0.0495 
ASI T5 0.8167 0.9068 0.8201 0.0490 
ASI T6 0.8251 0.9363 0.8238 0.0448 
ASI T7 0.8254 0.9291 0.8154 0.0491 
ASI T8 0.8140 0.9335 0.8063 0.0518 
CAV 0.8966 0.9266 0.8978 0.0238 
DSI T1 0.7943 0.9055 0.7924 0.0586 
DSI T2 0.8494 0.9583 0.8340 0.0630 
DSI T3 0.8780 0.9651 0.8803 0.0555 
DSI T4 0.9039 0.9696 0.9137 0.0420 
DSI T5 0.9161 0.9527 0.9213 0.0288 
DSI T6 0.9198 0.9478 0.9248 0.0183 
266 
 
DSI T7 0.9112 0.9567 0.9185 0.0338 
DSI T8 0.8916 0.9546 0.9034 0.0489 
EDA 0.7577 0.8692 0.7512 0.0432 
Ialpha 0.8788 0.9110 0.8830 0.0245 
Ic 0.7280 0.8431 0.7166 0.0524 
Lc T1 0.8157 0.8612 0.8177 0.0298 
Lc T2 0.8136 0.8650 0.8165 0.0288 
Lc T3 0.8035 0.8381 0.8070 0.0269 
Lc T4 0.8020 0.8386 0.8052 0.0270 
Lc T5 0.8026 0.8562 0.8058 0.0283 
Lc T6 0.7980 0.8412 0.7979 0.0251 
Lc T7 0.8060 0.8588 0.8085 0.0273 
Lc T8 0.8211 0.8881 0.8266 0.0327 
RSI T1 0.6834 0.8363 0.6745 0.0501 
RSI T2 0.7675 0.9157 0.7587 0.0613 
RSI T3 0.8130 0.9530 0.8205 0.0590 
RSI T4 0.8478 0.9408 0.8464 0.0476 
RSI T5 0.8753 0.9385 0.8711 0.0336 
RSI T6 0.8930 0.9366 0.8971 0.0253 
RSI T7 0.8349 0.9266 0.8358 0.0410 
RSI T8 0.8550 0.9268 0.8566 0.0320 
SD 0.7283 0.8331 0.7254 0.0362 
PHV/PHA 0.8284 0.9101 0.8307 0.0366 
PGA 0.7381 0.8632 0.7353 0.0488 
PP 0.8621 0.9036 0.8715 0.0308 
RMS 0.7453 0.8417 0.7358 0.0440 
VSI T1 0.7772 0.8795 0.7755 0.0699 
VSI T2 0.8045 0.9447 0.7882 0.0782 
VSI T3 0.8345 0.9604 0.8250 0.0780 
VSI T4 0.8553 0.9529 0.8662 0.0668 
VSI T5 0.8753 0.9486 0.8857 0.0593 
VSI T6 0.8879 0.9388 0.8979 0.0459 
VSI T7 0.8618 0.9545 0.8761 0.0672 
VSI T8 0.8712 0.9507 0.8772 0.0607 
PHV/PHA 
ASI T1 0.7219 0.8062 0.7194 0.0446 
ASI T2 0.7596 0.8782 0.7568 0.0528 
ASI T3 0.7913 0.8713 0.7823 0.0437 
ASI T4 0.7890 0.8761 0.7809 0.0371 
267 
 
ASI T5 0.7913 0.9030 0.7860 0.0390 
ASI T6 0.7950 0.9031 0.7861 0.0369 
ASI T7 0.7976 0.9020 0.7983 0.0398 
ASI T8 0.7862 0.8763 0.7778 0.0398 
CAV 0.8861 0.9289 0.8812 0.0348 
DSI T1 0.7906 0.8741 0.7970 0.0594 
DSI T2 0.8355 0.9390 0.8224 0.0676 
DSI T3 0.8717 0.9677 0.8708 0.0624 
DSI T4 0.8935 0.9499 0.9024 0.0456 
DSI T5 0.9057 0.9432 0.9161 0.0352 
DSI T6 0.9103 0.9493 0.9186 0.0285 
DSI T7 0.9016 0.9587 0.9138 0.0446 
DSI T8 0.8779 0.9334 0.8870 0.0392 
EDA 0.8197 0.8541 0.8223 0.0269 
Ialpha 0.8263 0.8791 0.8270 0.0242 
Ic 0.7426 0.8530 0.7458 0.0573 
Lc T1 0.8049 0.8797 0.8086 0.0333 
Lc T2 0.7984 0.8474 0.8038 0.0308 
Lc T3 0.7877 0.8430 0.7879 0.0281 
Lc T4 0.7842 0.8325 0.7889 0.0282 
Lc T5 0.7870 0.8318 0.7864 0.0274 
Lc T6 0.7857 0.8378 0.7894 0.0274 
Lc T7 0.7880 0.8304 0.7919 0.0276 
Lc T8 0.8087 0.8713 0.8160 0.0410 
RSI T1 0.7497 0.8417 0.7553 0.0484 
RSI T2 0.8011 0.9351 0.7865 0.0668 
RSI T3 0.8408 0.9429 0.8474 0.0623 
RSI T4 0.8621 0.9300 0.8783 0.0496 
RSI T5 0.8794 0.9513 0.9012 0.0406 
RSI T6 0.8867 0.9203 0.8960 0.0288 
RSI T7 0.8676 0.9339 0.8695 0.0487 
RSI T8 0.8677 0.9323 0.8730 0.0480 
SD 0.7267 0.8493 0.7212 0.0447 
SMA  0.8368 0.6949 0.0593 
PGA 0.7788 0.8755 0.7870 0.0611 
PP 0.8508 0.8922 0.8631 0.0391 
RMS 0.7538 0.8578 0.7516 0.0453 
VSI T1 0.7249 0.8122 0.7275 0.0470 
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VSI T2 0.7806 0.9331 0.7694 0.0684 
VSI T3 0.8212 0.9300 0.8158 0.0676 
VSI T4 0.8413 0.9351 0.8507 0.0582 
VSI T5 0.8646 0.9299 0.8791 0.0487 
VSI T6 0.8761 0.9381 0.8909 0.0399 
VSI T7 0.8498 0.9424 0.8495 0.0588 
VSI T8 0.8504 0.9293 0.8468 0.0538 
PP 
ASI T1 0.7548 0.8267 0.7486 0.0394 
ASI T2 0.7871 0.8573 0.7862 0.0381 
ASI T3 0.8154 0.8987 0.8118 0.0344 
ASI T4 0.8142 0.8884 0.8113 0.0289 
ASI T5 0.8127 0.8882 0.8064 0.0316 
ASI T6 0.8155 0.8687 0.8107 0.0289 
ASI T7 0.8179 0.9150 0.8124 0.0325 
ASI T8 0.8101 0.8855 0.8058 0.0313 
CAV 0.8900 0.9296 0.8955 0.0280 
DSI T1 0.8224 0.8774 0.8347 0.0429 
DSI T2 0.8624 0.9439 0.8484 0.0496 
DSI T3 0.8861 0.9681 0.8918 0.0493 
DSI T4 0.8989 0.9544 0.9050 0.0415 
DSI T5 0.9065 0.9436 0.9166 0.0326 
DSI T6 0.9117 0.9435 0.9169 0.0233 
DSI T7 0.9044 0.9545 0.9081 0.0377 
DSI T8 0.8835 0.9483 0.8906 0.0346 
EDA 0.8092 0.8657 0.8157 0.0362 
Ialpha 0.8832 0.9342 0.8901 0.0326 
Ic 0.8523 0.9119 0.8631 0.0371 
Lc T1 0.8144 0.8894 0.8143 0.0490 
Lc T2 0.8074 0.8850 0.8084 0.0498 
Lc T3 0.8028 0.8849 0.7970 0.0515 
Lc T4 0.8033 0.8840 0.8036 0.0524 
Lc T5 0.8055 0.8839 0.8082 0.0502 
Lc T6 0.8041 0.8851 0.8093 0.0491 
Lc T7 0.8001 0.8798 0.7980 0.0534 
Lc T8 0.8235 0.8885 0.8274 0.0472 
RSI T1 0.7844 0.8506 0.7868 0.0368 
RSI T2 0.8314 0.9439 0.8300 0.0458 
RSI T3 0.8545 0.9427 0.8432 0.0466 
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RSI T4 0.8697 0.9390 0.8700 0.0411 
RSI T5 0.8807 0.9301 0.8927 0.0310 
RSI T6 0.8849 0.9170 0.8915 0.0216 
RSI T7 0.8752 0.9443 0.8746 0.0406 
RSI T8 0.8758 0.9365 0.8680 0.0375 
SD 0.8502 0.9025 0.8599 0.0403 
SMA 0.8472 0.9004 0.8562 0.0358 
PGA 0.8161 0.8722 0.8292 0.0428 
PHA_PHV 0.8735 0.9260 0.8918 0.0437 
RMS 0.8494 0.9048 0.8552 0.0351 
VSI T1 0.7613 0.8315 0.7622 0.0427 
VSI T2 0.8160 0.8963 0.8199 0.0441 
VSI T3 0.8424 0.9316 0.8276 0.0506 
VSI T4 0.8572 0.9235 0.8494 0.0423 
VSI T5 0.8704 0.9238 0.8731 0.0363 
VSI T6 0.8793 0.9299 0.8822 0.0306 
VSI T7 0.8627 0.9289 0.8514 0.0407 
VSI T8 0.8654 0.9369 0.8569 0.0403 
 
